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Abstract We evaluate the current status of supernova remnants as the sources
of Galactic cosmic rays. We summarize observations of supernova remnants,
covering the whole electromagnetic spectrum and describe what these obser-
vations tell us about the acceleration processes by high Mach number shock
fronts. We discuss the shock modification by cosmic rays, the shape and
maximum energy of the cosmic-ray spectrum and the total energy budget of
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2cosmic rays in and surrounding supernova remnants. Additionally, we discuss
problems with supernova remnants as main sources of Galactic cosmic rays,
as well as alternative sources.
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1 Introduction
This year, we celebrate the discovery of cosmic rays (CRs) a century ago. In
1912, Victor Hess went up in the atmosphere with a balloon, and found that
the strength of ionizing radiation increased as he went up (Hess, 1912). He
realized that this increase points towards a cosmic origin of the radiation.
For this reason the radiation was dubbed ‘cosmic rays’. Later, it was found
that these CRs were in fact energetic particles, rather than electromagnetic
radiation. However, ‘cosmic rays’ is, although not an adequate description,
still the currently used name for these particles.
Since their discovery, CRs have been subject to intensive study. For a
good reason, as CRs can have tremendous energies: particles with energies
more than 1020 eV have been detected (Figure 1). Additionally, their energy
density in the interstellar medium is about one third of the total energy
density in the interstellar medium, comparable to the thermal and magnetic
energy densities. Moreover, CRs provide an additional source of observational
information on their accelerators next to electromagnetic radiation.
Supernova remnants have been the main candidates for accelerating Galac-
tic CRs for decades (Baade and Zwicky, 1934), but this is still subject to
debate. In this paper, we describe the current observational status of CRs
in SNRs. We describe the emission directly originating from the CRs as well
as how we can get information on CR acceleration in remnants from other
observational characteristics. Also, we briefly discuss the problems with su-
pernova remnants as main sources of Galactic CRs as well as alternative
sources.
1.1 Supernovae and their remnants as sources of Galactic cosmic rays
Particles with energies less than 1018 eV have gyro radii smaller than the
thickness of the Galactic disk. Hence, particles with higher energies are likely
to escape the Galaxy, indicating that the CRs well above 1018 eV are prob-
ably accelerated outside of the Galaxy. In contrast, the particles with lower
energies are contained within the Galactic magnetic field. The trajectories of
these particles are curved and randomized by the magnetic field, causing their
direction of arrival at Earth to be largely uncorrelated with the direction to
their sources.
One clue towards the sources of Galactic CRs is the shape of the CR
spectrum. The constant power-law slope of 2.7 over many decades in energy
likely indicates that the particles of different energies were accelerated by a
similar mechanism. As this is a steep power law, most of the energy in CRs is
contributed by CRs with low (GeV) energies. Unfortunately, the spectrum at
3these lower energies is heavily modified by solar modulation. Therefore, it is
hard to determine the total energy budget in CRs from experiments directly.
Nevertheless, Webber (1998) reports an CR energy density in the Galaxy of
1.8 eV per cubic centimeter, correcting for solar modulation effects by using
Voyager and Pioneer data. Isotope studies show that CRs with GeV energies
diffuse out of the Galaxy in 15.0± 1.6 Myr (Yanasak et al., 2001). Galactic
supernova explosions can replenish these losses, provided that they transfer
∼ 10-20% of their kinetic energy (ESN = 1051 erg) into CRs (Hillas, 2005),
assuming two to three supernova explosions per century (Tammann et al.,
1994).
During a supernova explosion, the ejecta are expelled into the surrounding
medium with speeds as large as tens of thousands of kilometers per second.
The ejecta carry the kinetic energy of the supernova explosion and cause
high Mach number shock fronts in the interstellar medium. At the end of the
seventies, four independent papers proposed an acceleration mechanism for
charged particles that operates at high Mach number shocks (Axford et al.,
1977; Krymskii, 1977; Bell, 1978; Blandford and Ostriker, 1978). This mech-
anism concerns particles scattering up and down the shock front on turbulent
magnetic fields, thereby effectively gain energy each time they cross the shock
front. This process, called ‘diffusive shock acceleration’, naturally produces
energetic particles, with a power-law spectrum with index 2 (see Malkov and
Fig. 1 Cosmic-ray spectrum as observed by different experiments. Data compiled
by J. Swordy, courtesy to Klara Schure.
4Name GeV TeV age
γ-rays γ-rays [yr]
Cassiopeia A Y1 Y2 3303
G1.9+0.3 N N ∼1004
HESS J1731-347 N Y5 ∼16005
Kepler N N 408
RCW 86 N Y6 18277
RX J1713.7-3946 Y8 Y9 162610
RX J0852.0-4622 Y11 Y12 1700-430013
SN1006 N Y14 1006
SNR 0540-69.3 N N 760-166015
Tycho Y16 Y17 440
Table 1 Table with shell-type supernova remnants that have X-ray synchrotron
emission, together with their properties at other wavelenths. 1 Abdo et al. (2010b),
2 Albert et al. (2007b); Acciari et al. (2010), 3Fesen et al. (2006), 4 Reynolds
et al. (2008), 5 H.E.S.S. Collaboration et al. (2011),6 Aharonian et al. (2009),
7 Stephenson and Green (2002), 8Abdo and Fermi LAT Collaboration (2011), 9
Aharonian et al. (2004), 10 Wang et al. (1997), 11 Tanaka et al. (2011), 12 HESS
Collaboration: F. A. Aharonian (2006), 13 Katsuda et al. (2008), 14 Acero et al.
(2010), 15 Park et al. (2010), 16 Giordano et al. (2011), 17 Acciari et al. (2011)
Drury, 2001; Schure et al., 2012, for a review). The somewhat softer CR
spectrum observed in the Earth’s, might be explained by propagation effects
of CRs through the Galaxy.
As the direction of arrival of Galactic CR is essentially uncorrelated to
their sources, most of the observations on the sources of Galactic CRs, comes
from electromagnetic radiation. As energetic electrons gyrate in the local
magnetic field, they emit synchrotron emission. This synchrotron emission
is observed at radio wavelengths in supernova remnants, revealing the pres-
ence of GeV electrons (Shklovskii, 1953; Minkowski, 1957). Also, X-ray syn-
chrotron emitting TeV electrons were identified at the shock fronts of the SN
1006 supernova remnant and others (Koyama et al., 1995, and see section
2.3). In the last decade, GeV and TeV γ-ray emission has been observed from
several supernova remnants (Table 1.1), indicating the presence of particles
with GeV and TeV energies (e.g., Aharonian et al., 2004; Abdo et al., 2010b,
and see section 2.13).
1.2 Different types of supernova explosions
Classification of supernova explosions is traditionally based on the presence
of hydrogen lines in the optical spectrum at maximum light. A supernova
with hydrogen lines in its spectrum is classified as a type II, and without is
classified as a type I (Minkowski, 1941). More specifically, a spectrum without
hydrogen lines but with strong Si II lines is classified as a type Ia spectrum,
without Si II lines but with strong helium I lines as type Ib and if the spectra
are lacking both strong Si II and He I lines, the supernova is classified as a
type Ic. Type II supernovae have subclassifications as well, depending on
their light curves. A supernova explosion with a plateau in its light curve is a
5type IIP, one with a linear phase is a type IIL (Barbon et al., 1979). Another
subcategory is type IIb supernovae: their spectrum shows a weak hydrogen
line shortly after the explosion, which is absent in the second maximum
of the lightcurve (Filippenko, 1988). Recently, spectra of light echoes of the
explosion that resulted in the Cassiopeia A remnant (Cas A) showed that this
was a type IIb supernova (Krause et al., 2008). A fourth category of supernova
explosions are type IIn supernovae (Schlegel, 1990). Type IIn supernovae are
characterized by narrow emission lines in their spectra, probably produced
by the interaction of the ejecta with dense circumstellar medium around
these explosions, expelled by the progenitor star before explosion. For a more
extensive description of observational characteristics of supernova explosions,
see Filippenko (1997). About 24% of all supernovae are type Ia’s, 10% are
type Ibc’s and 57% are type II’s (Li et al., 2011).
Apart from this observational classification scheme, we now know that
type Ia supernovae are related to thermonuclear explosions of white dwarfs
(first suggested by Hoyle and Fowler, 1960). White dwarfs explode when
they reach the Chandrasekhar mass of 1.38 M by accreting material from a
binary companion. Although the link from type Ia supernovae to thermonu-
clear explosions of white dwarfs is fully canonized, it is rather unclear which
progenitor systems (single or double degenerate binaries) create these explo-
sions. More specifically, it is unclear which systems accrete efficient enough
to explain the observed frequency of type Ia explosions (see Hillebrandt and
Niemeyer, 2000, for a review).
The other (non type Ia) explosions mark the deaths of massive (M &
8M) stars. These are called core collapse supernovae. After these stars have
burned all the nuclear energy in their cores, they are left with an iron core.
The gravitational pressure will result in an implosion of this iron core to a
neutron star or a black hole. The envelope will bounce onto the core into the
circumstellar medium with tens of thousands kilometers per second.
Although the explosion mechanisms for core collapse and thermonuclear
explosions are quite different, the kinetic energies dumped into the ambient
medium are reasonably similar: ∼ 1051 erg.
1.3 Supernova remnant evolution
After a star goes supernova, the stellar ejecta expand into the ambient
medium. These expanding ejecta will create a shock front, the forward shock,
which will slow down, as it sweeps up an increasing amount of ambient
medium. As a reaction, a second shock will develop, moving away from the
forward shock, into the stellar ejecta. This second shock is called the reverse
shock. The evolution of supernova remnants is characterized by the free ex-
pansion phase, the Sedov phase and the radiative phase (in chronological
order). Initially, the forward shock velocity is approximately constant as long
as the swept-up mass is smaller than the ejecta mass (free expansion phase).
Precisely speaking, the forward shock velocity slightly decelerates during the
free expansion phase because it transfers kinetic energy into sweeping up the
ambient medium (Chevalier, 1982b). In the subsequent phase (Sedov phase)
most energy has transferred from free expanding ejecta to the shock-heated
6shell. As radiative cooling is still negligible in this phase, the supernova rem-
nant expands adiabatically in this phase. As the shock slows down to veloci-
ties below 200 km s−1, the post-shock temperature will be less than 5× 105
K. This will cause the radiation of H, He, C, N and O line emission to increase
drastically (Raymond, 1979; Draine and McKee, 1993; Schure et al., 2009),
and therewith radiative cooling becomes significant (radiative phase). The
length of each evolution phase of supernova remnants depends on supernova
type and structure of their surroundings.
For type Ia supernovae, the surrounding medium typically has a constant
density ISM with n0 ∼ 1 cm−3 and T0 ∼ 1 eV, where n0 and T0 are the
number density and the temperature of ISM, respectively. A mass Mej ∼
1 M ejected with ESN ∼ 1051 erg in a supernova explosion has an initial
velocity (V0) of
V0 =
√
2E
Mej
= 109 cm s−1
(
ESN
1051 erg
)1/2(
Mej
1 M
)−1/2
. (1)
The forward-shock velocity during the free expansion phase is Vs ∼ V0, so
that the Mach number is given by
M = Vs
cs
∼ 103
(
ESN
1051 erg
)1/2(
Mej
1 M
)−1/2(
T0
1 eV
)−1/2
, (2)
where cs = 10
6 cm s−1 (T0/1 eV) is the sound speed. The ejecta start to
decelerate when the swept-up mass 4piρ0R
3
s/3 becomes comparable to the
ejecta mass, where Rs and ρ0 are the forward shock radius and the density
of the ambient medium, respectively. The transition from the free expansion
phase to the Sedov phase occurs at shock radius RSedov,
RSedov =
(
3Mej
4piρ0
)1/3
= 2.1 pc
(
Mej
1 M
)1/3 ( n0
1 cm−3
)−1/3
, (3)
and at time tSedov,
tSedov =
RSedov
V0
= 210 yr
(
ESN
1051 erg
)−1/2(
Mej
1 M
)5/6 ( n0
1 cm−3
)−1/3
.
(4)
For supernova remnants in superbubbles, RSedov and tSedov are about ten
times larger than that in a typical ISM because the density is n0 ∼ 10−3 cm−3.
After tSedov, the supernova remnant evolution is in the Sedov phase as
long as the radiative cooling is negligible. Assuming that the swept-up mass
is larger than the ejecta mass and the total explosion energy is conserved,
1
2
V 2s ×
4pi
3
ρ0R
3
s = const. , (5)
the evolution of the forward shock, Rs and Vs are given by
Rs = RSedov
(
t
tSedov
)2/5
, (6)
7Vs =
dRs
dt
=
2RSedov
5tSedov
(
t
tSedov
)−3/5
. (7)
A simple treatment of the dynamics of the forward shock from the free ex-
pansion to the Sedov phase has been given by Ostriker and McKee (1988),
Bisnovatyi-Kogan and Silich (1995) and Truelove and McKee (1999).
When the supernova remnant age becomes comparable to the radia-
tive cooling time, the supernova remnant evolution changes from the Se-
dov phase to the radiative phase (the pressure driven snowplow phase and
the momentum-conserving snowplow phase). This transition occurs at ttr, is
given by (Petruk, 2005)
ttr = 2.8× 104 yr
(
ESN
1051 erg
)4/17 ( n0
1 cm−3
)−9/17
. (8)
The asymptotic supernova remnant evolution of the radiative phase was in-
vestigated by McKee and Ostriker (1977) (Rs ∝ t2/7 for the pressure driven
snowplow phase) and Oort (1951) (Rs ∝ t1/4 for the momentum-conserving
snowplow phase). Bandiera and Petruk (2004) found more accurate analytical
solutions for the radiative phase. Truelove and McKee (1999) also provided
approximate solutions for the reverse shock evolution. For uniform ejecta and
a uniform ISM, the reverse shock position, Rr, and the velocity of the reverse
shock in the rest frame of the unshocked ejecta, Vr
1, is given by (Truelove
and McKee, 1999)
Rr = RSedov
(
t
tSedov
)
×1.29
{
1 + 0.947
(
t
tSedov
)−2/3}
(t < tSedov)
0.707
(
1.22− 0.0465
(
t
tSedov
)
− 0.533 ln
(
t
tSedov
))
(t > tSedov)
,
(9)
Vr =
RSedov
tSedov
×1.22
(
t
tSedov
)3/2{
1 + 0.947
(
t
tSedov
)−5/3}
(t < tSedov)
0.377 + 0.0329
(
t
tSedov
)
(t > tSedov)
.
(10)
The velocity of the reverse shock in the rest frame of the unshocked ejecta, Vr,
increases with time for uniform ejecta. Truelove and McKee (1999) provided
approximate solutions for some cases of type Ia supernovae evolution (see
table 7 of Truelove and McKee, 1999).
1 Note that this is the velocity relevant for the physical conditions behind the
shock front (outside of the reverse shock).
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Fig. 2 Evolution of the maximum energy. The black, blue and green lines show
the age-limited, the cooling-limited and the escape-limited maximum energy, re-
spectively. The red dashed lines show the evolution of the maximum energy of
CR electrons. Thick and thin lines show cases where the cooling-limited maximum
energy increases or decreases with time during the Sedov phase, respectively.
For core-collapse supernovae, the structure of surrounding medium is
more complicated and depends on the details of the stellar mass loss his-
tory, which in itself depends on the initial mass, binarity and local ambient
medium density (e.g. van Marle et al., 2004). Roughly speaking, in order of
increasing distance to the center, the ambient material is organized by the
dense red supergiant wind, a shocked low density wind created during the
main sequence stage, and interstellar medium. The density structure in the
dense red supergiant wind is ρ0 ∝ r−2 whereas density structures of other
regions are constant. Approximate solutions of supernova remnant evolution
in these media are also obtained in the same manner as type Ia supernovae
(e.g. Chevalier, 1982a; Truelove and McKee, 1999; Ostriker and McKee, 1988;
Bisnovatyi-Kogan and Silich, 1995; Laming and Hwang, 2003).
1.4 Cosmic-ray acceleration efficiency during supernova remnant evolution
As mentioned above, there are three phases for supernova remnant evolution.
Although we do not understand when particle acceleration stops, observa-
tions tell us that relativistic electrons are accelerated during the free expan-
sion phase and the Sedov phase. Particle acceleration mechanisms during the
radiative phase have not been investigated in detail. However, these are not
expected to provide a significant contribution to the Galactic CR density, as
the shock velocity is low, and a substantial fraction of the shock energy is
lost by radiative losses.
The maximum energy of CR protons is limited by the finite age or the
escape condition. According to the theory of diffusive shock acceleration,
an estimate for the typical time to accelerate a particle with an elementary
charge to an energy E is (Lagage and Cesarsky, 1983; Jokipii, 1987; Parizot
9et al., 2006):
tacc ≈ 1.8D2
V 2s
3r2
r − 1 = 124ηgB
−1
−4
( Vs
5000 km s−1
)−2( E
100 TeV
) r24
r4 − 14
yr,
(11)
with D2 the downstream diffusion coefficient for particles with energy E
(Drury, 1983), Vs the shock velocity, B−4 the downstream magnetic field in
units of 100 µG, ηg is the gyro factor and r4 the overall compression ratio
in units of 4. The factor 1.8 comes from taking into account the difference
between magnetic field upstream and downstream of the shock. Here, we as-
sume that there is a highly turbulent, isotropic, magnetic field upstream and
that the downstream magnetic field strength is determined by compression
of the perpendicular component of the upstream magnetic field. Note that a
higher compression ratio corresponds to a longer acceleration time, but that
a high compression ratio itself is the result of efficient acceleration.
To get some understanding on the typical properties of particle accelera-
tion we can approximate equation 11 by:
tacc = ηacc
D
V 2s
= ηaccηg
cE
3eBV 2s
, (12)
where ηacc is a numerical factor which depends on the shock compression
ratio and D is the diffusion coefficient around the shock (Drury, 1983). The
diffusion coefficient relates to the mean free path (λ) as follows: D = 13λc,
where c is the speed of light. We generally express λ in terms of gyroradius
(rg): λ = rgηg. The lower ηg, the more turbulent the magnetic field. ηg = 1
is generally referred to as Bohm diffusion.
One can obtain the age-limited maximum energy, Em,age, from the con-
dition tacc = t assuming r4 = 1
Em,age =
3eBV 2s t
ηaccηgc
. (13)
The escape time due to the diffusion, tesc, is written by
tesc = ηesc
R2s
D
=
ηesc
ηg
3eBR2s
cE
, (14)
where ηesc is a numerical factor (ηesc < 1). Note that tesc is similar to tage
for
√
ηescηacc ≈ 1 and Rs/Vst ≈ 1.
For this reason, the escape-limited maximum energy is similar to the
age-limited maximum energy (Drury, 2011). The time dependence of the
maximum energy Em,age ≈ Em,esc is given by
Em,esc ≈ Em,age ∝ B(t)Vs(t)
2t
ηg(t)
, (15)
where we assume that ηacc is constant. For a constant density profile, the am-
plified magnetic field and their fluctuations are thought to be constant during
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the free expansion phase because the shock velocity is approximately con-
stant. Therefore, the maximum energy linearly increases with time, Em,age ∝
t. After the free expansion phase (t > tSedov), the shock velocity decreases
with time, so that the maximum energy decreases with time (Em,esc ∝
BV 2s t ∝ Bt−1/5). Additionally, the magnetic field is thought to decrease
with time (B ∝ V 2s or ∝ V 3s , see section 2.7), leading to an even faster
decrease of the maximum energy.
The number of CRs accelerated by supernova remnants increases with
time since the swept-up mass increases with time. However, the detailed
evolution of the number of CRs is unclear. Recently, several authors discuss
the spectrum of escaping CRs corresponding to the source of Galactic CRs
(Ptuskin and Zirakashvili, 2005; Ohira et al., 2010; Caprioli et al., 2010;
Drury, 2011). They showed that the spectrum of escaping CRs depends on
the evolution of the number of CRs and the evolution of the maximum energy,
moreover, (Ptuskin and Zirakashvili, 2005) showed that the maximum energy
to which particles can be accelerated differ for different types of supernovae.
2 Observational diagnostics
2.1 Shock parameters
As mentioned before, in order to maintain a steady Galactic CR energy
density, on average 10-20% of the explosion energy of a supernova has to
be converted to CR energy. For these efficiencies, the acceleration process
changes the shock structure and makes a precursor in the upstream region2
(Drury and Voelk, 1981). In the precursor region, magnetic-field amplification
(Lucek and Bell, 2000; Bell, 2004; Ohira and Takahara, 2010; Bykov et al.,
2011b; Schure and Bell, 2011; Reville and Bell, 2011) and plasma heating
(McKenzie and Vo¨lk, 1982; Ghavamian et al., 2007; Rakowski et al., 2008;
Niemiec et al., 2008; Ohira et al., 2009a; Raymond et al., 2011) are thought
to occur. Although there is more and more evidence that magnetic field
amplification is important, the process itself is not yet fully understood.
In the shock rest frame, the upstream plasma is decelerated by the CR
pressure and and heated by plasma waves at the precursor region. As a
result, the effective Mach number becomes small at the jump of the shock
(subshock) and the compression ratio, at the subshock becomes less than
four. On the other hand, the total compression ratio (the density ratio of the
far upstream to the downstream) becomes large (r > 4). This is because a
part of the downstream pressure is due a) to the relativistic particle with the
adiabatic index of γ = 4/3 (r = γ + 1/γ − 1) and b) escaping CRs take away
shock energy.
The energy spectrum of accelerated particles also changes from that pre-
dicted by standard diffusive shock acceleration. The energy spectrum of low
energy CRs becomes steeper than that of the standard diffusive shock accel-
eration because low energy CRs sample only the contrast in velocity across
2 The upstream region is the region in front of the shock, i.e. outside the remnant
for the forward shock.
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the subshock (r < 4). On the other hand, the spectrum of high energy CRs
becomes harder than that of the standard diffusive shock acceleration be-
cause high energy CRs sample the total velocity difference in total shock
region (subshock plus shock precursor: r > 4) because of the longer diffusion
length (Berezhko and Ellison, 1999). As a result, the energy spectrum in wide
energy range is not a single power law form (e.g. Berezhko and Ellison, 1999;
Malkov and Drury, 2001, and section 2.11).
If a large fraction of the shock energy is converted to the CR energy, the
mean temperature of the downstream plasma becomes smaller than that of
the standard shock, 〈T 〉 = 3µmpV 2s /16, where µ is the mean particle mass
(see section 3.3).
2.2 Radio observations
So far, about 300 supernova remnants have been observed in the radio band
(Green, 2009). Their spectra are nonthermal and their radio spectral indices3,
α (Sν ∝ ν−α), are typically α = 0.5 ± 0.1 (see figure 1 of Reynolds et al.,
2011). Radio spectra can be interpreted as synchrotron radiation from rel-
ativistic electrons accelerated by diffusive shock acceleration. van der Laan
(1962) considered the adiabatic acceleration of ambient CR electrons by the
radiative shock and the compressed magnetic field. The spectral index pre-
dicted by the van der Laan mechanism depends on the spectral index of low
energy CR electrons with energies around 30 MeV (Cox et al., 1999). How-
ever, spectra of low energy ambient CR electrons have not been understood
completely. The radio luminosity and spectra of young supernova remnants
cannot be understood by the van der Laan mechanism, and requires active
acceleration of electrons by the supernova remnant shocks.
Time evolution of radio fluxes is observed in some young supernova rem-
nants. The radio flux of Cas A has been observed for 50 yr and decreases
with time (e.g. Helmboldt and Kassim, 2009). This means that either the
magnetic field or the number of CR electrons decreases with time. Not only
the evolution of radio flux but also the evolution of the radio size is observed
for very young supernova remnants (e.g. Weiler et al., 2002; Bartel, 2009;
Ng et al., 2008). Therefore, we can compare evolution models of supernova
remnants and observations (e.g. Mart´ı-Vidal et al., 2011).
Polarization of radio synchrotron radiation has been also observed. Young
supernova remnants have a predominantly radial magnetic field structure,
whereas old supernova remnants have a circumferential magnetic field struc-
ture (Dickel and Milne, 1976; Milne, 1987). The circumferential magnetic
field structure of old supernova remnants can be interpreted as the com-
pression of the upstream magnetic field by the radiative shock. Gull (1973)
suggested that the radial magnetic field of young supernova remnants results
from stretch by the Rayleigh-Taylor instability. Jun and Norman (1996) con-
firmed that the Rayleigh-Taylor instability radially stretches the magnetic
3 Note that the power-law index of a radio spectrum (α) is defined for a flux
energy density, whereas in X-rays one use the spectral index (Γ ) for the number
density flux, the relation between the two indices is Γ = α + 1. If the number
density of the electron distribution is labeled q, we have that q = 2α+ 1 = 2Γ − 1.
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field. However, Schure et al. (2010) showed that the Rayleigh-Taylor insta-
bility in the gas with the adiabatic index of 5/3 can not explain the radial
field polarization observed near the forward shock, whereas the case of the
adiabatic index of 1.1 can reproduce that. In order to make the adiabatic in-
dex of 1.1 in young supernova remnants, escaping CRs have to carry away a
substantial fraction of the shock energy. Zirakashvili and Ptuskin (2008) pro-
posed an alternative scenario that upstream density fluctuations produced
by the non-resonant instability radially stretch the amplified magnetic field
in the downstream region.
2.3 X-ray observations
Early observational evidence that supernova remnants are capable of accel-
erating particles to high energies mainly consisted of the radio synchrotron
radiation from relativistic electrons from most supernova remnants. But the
electrons responsible for the radio emission have energies in the order of a
GeV. The discovery by the ASCA satellite that the featureless X-ray spec-
trum of SN 1006 is caused by synchrotron radiation from 10-100 TeV elec-
trons (Koyama et al., 1995) suddenly increased the range of determined elec-
tron energies by orders of magnitude.
The X-ray emission from SN 1006 was long recognized to be peculiar, as
its overall spectrum appeared to be devoid of line emission. Indeed, a syn-
chrotron interpretation was offered by Reynolds and Chevalier (1981). But a
sophisticated thermal explanation, involving fully ionized carbon-rich super-
nova ejecta, by Hamilton et al. (1986) was regarded as the most likely ex-
planation. ASCA, however, revealed that the X-ray emission was dominated
by continuum emission from near the shock front. Hot supernova ejecta are
present in the interior of the supernova remnant, and produce, among others,
oxygen and silicon line emission, which was hard to detect in the synchrotron
dominated spectrum from the supernova remnant as a whole. The presence
of oxygen-rich ejecta was clearly in contradiction to the model of Hamilton
et al. (1986). Moreover, the ASCA observations showed that the the contin-
uum emission was associated with regions close to the forward shock front;
an unmistakable signature of synchrotron radiation from electrons that are
being actively accelerated by the supernova remnant shock.
Around the same time as the discovery of X-ray synchrotron emission
from SN 1006, it became clear that some young supernova remnants emit
non-thermal, hard X-ray emission. This was in particular apparent for Cas
A, which is detected in hard X-rays from ∼ 10−100 keV, indicating a nearly
power-law like spectrum with index ∼ 3.2 (The et al., 1996; Allen et al.,
1997; Favata et al., 1997; Vink et al., 2001; Renaud et al., 2006). For other
supernova remnants hard X-ray emission up to about 30 keV was detected
(e.g. Allen et al., 1999). Although a non-thermal bremsstrahlung explanation
for the hard X-ray emission of some supernova remnants exists (e.g. Asvarov
et al., 1990; Favata et al., 1997; Laming, 2001; Bleeker et al., 2001), the
rapid energy exchange of the ∼ 10 − 100 keV electrons that cause X-ray
bremsstrahlung with background electrons, makes that a power-law shaped
bremsstrahlung spectrum is unlikely (Vink, 2008b).
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Since 1995, the number of X-ray synchrotron emitting supernova rem-
nants has grown rapidly. Among the earliest identifications of X-ray syn-
chrotron emitting supernova remnants were RX J1713.7-3946 (Koyama et al.,
1997; Slane et al., 1999) and RX J0852.0-4622 (Slane et al., 2001), two su-
pernova remnants that later turned out to be bright in TeV gamma-rays
(Aharonian et al., 2004, 2005). Also the large diameter supernova remnant
RCW 86 showed signs of non-thermal X-ray emission (Vink et al., 1997),
which was later argued to be synchrotron radiation (Bamba et al., 2000;
Borkowski et al., 2001).
The angular resolution of Chandra was needed to find that also the
youngest supernova remnants like Tycho/SN 1572 (Hwang et al., 2001), Ke-
pler/SN 1604 (Reynolds et al., 2007) and Cas A (Gotthelf et al., 2001; Vink
and Laming, 2003) emit X-ray synchrotron emission. In those supernova rem-
nants this non-thermal emission is concentrated in very narrow filaments
(1-3′′) marking their shock fronts.
2.4 Conditions for X-ray synchrotron emission
Apart from proving that supernova remnants can accelerate particles up to at
least 1014 eV, X-ray synchrotron emission also provides a powerful diagnostic
for measuring the acceleration conditions. The presence of X-ray synchrotron
filaments near shock fronts suggests that the electrons have been accelerated
during the last century, or even during the last decade. This identifies su-
pernova remnants as objects that are actively accelerating particles, rather
than just objects that contain particles accelerated during an earlier phase.
Moreover, as we shall see below, X-ray synchrotron emission is only possible
if acceleration is surprisingly fast, with a diffusion coefficient that is rather
small, and within an order of magnitude of the Bohm limit. To understand
the conditions under which X-ray synchrotron emission can occur, we need a
closer look at the acceleration properties in supernova remnant shocks, and
at the characteristics of synchrotron emission.
Equation 11 describes the time it takes (tacc) to accelerate a particle
to an energy E. The maximum energy an electron (or proton) can obtain
is limited by the age of the shock. For example, for a supernova remnant
with B−4 = 0.1, Vs = 5000 km s−1 an electron (or proton) can only be
accelerated in ∼ 1000 yr to 100 TeV. If the maximum electron energy, and
the corresponding synchrotron cut-off frequency, is indeed determined only
by the time available for acceleration, the synchrotron spectrum is said to be
age-limited (Reynolds, 1998).
However, unlike protons, electrons lose their energies quite rapidly through
synchrotron radiation and inverse Compton scattering, certainly for energies
in excess of 1 TeV. So another limit on the maximum energy of electrons is
set by the condition tacc ≈ tloss. If the maximum energy for electrons is set by
this condition the synchrotron cut-off frequency is said to be loss-limited. In
that case the ions can, in principle, obtain much higher energies. For magnetic
fields in excess of ∼ 3µG synchrotron losses usually dominate over inverse
Compton losses, unless the local radiation field is in strong excess over the
microwave background radiation field.
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The synchrotron loss time for an electron is given by:
tsyn =
E
dE/dt
= 12.5 B−2−4
( E
100 TeV
)−1
yr. (16)
The cut-off photon energy for the loss limited case can be calculated by
combining Eq. 11 and Eq. 16, which gives
Emax/100 TeV ≈ 0.32η−1/2g
( Beff
100 µG
)−1/2( Vs
5000 km s−1
)(r4 − 14
r24
)1/2
,
(17)
where r4 is the compression ratio divided by 4. This equation can be combined
with the relation between the peak in synchrotron emissivity, the so-called
characteristic frequency νch, for an electron with given energy E moving in
a magnetic field B (e.g. Ginzburg and Syrovatskij, 1967):
νch = 1.8× 1018B⊥
( E
1 erg
)2
Hz,
hνch = 13.9
( B⊥
100µG
)( E
100 TeV
)2
keV, (18)
with B⊥ ≈
√
2/3B the magnetic field component perpendicular to the mo-
tion of the electron. Taken together Eq. 18 and Eq. 17 indicate that the
synchrotron cut-off frequency is expected to be (c.f. Aharonian and Atoyan,
1999; Zirakashvili and Aharonian, 2007):
hνcut−off = 1.4η−1g
(r4 − 14
r24
)( Vs
5000 km s−1
)2
keV. (19)
This shows that in the loss-limited case the cut-off frequency does not depend
on the magnetic field strength, and that for typical young supernova remnants
like Cas A, Kepler and Tycho, which have Vs ≈ 5000 km s−1, one expects
to find X-ray synchrotron emission provided that ηg ∼ 1. One should realize,
however, that the the synchrotron emission spectrum for a given electron
energy is rather broad. As a result a rather sharp, exponential, cut-off of
the electron spectrum results in a more gradual turn-over of the resulting
synchrotron spectrum. Nevertheless, all observed X-ray synchrotron spectra
of supernova remnants are steeper than the radio spectral indices. In X-rays
the observed spectral indices are Γ = 2− 3.5, whereas in radio Γ = α+ 1 =
1.4 − 1.8. This indicates that in X-rays the spectra are observed near or
beyond the cut-off frequency. Since for ηg  10 we would not be able to
detect X-ray synchrotron emission, the detection of X-ray synchrotron has
already significant consequences: it suggests that the magnetic fields near the
shocks of young supernova remnants are highly turbulent.
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Fig. 3 Left: Chandra X-ray image of Cas A, showing in green the synchrotron dom-
inated continuum emission. Note the narrow filaments alineating the shock front.
Right: The maximum cosmic-ray electron energy versus magnetic field strength for
the region just downstream of Cas A’s shock front, as determined from the thickness
of the filaments (Vink and Laming, 2003). The shaded area is excluded, because
the filament width cannot be smaller than the minimum possible diffusion length
(c.f. Vink and Laming, 2003, these figures were published before in Vink (2006)).
2.5 The widths of X-ray synchrotron filaments
The narrowness of the synchrotron filaments, in particular for the supernova
remnants Cas A, Tycho and Kepler, is very striking. For these supernova
remnants the width is typically 1-3′′, which corresponds to typical physical
widths of ∼ 5 × 1016 cm. It was soon recognized that these widths indicate
high magnetic fields near the shock front (Vink and Laming, 2003; Berezhko
et al., 2003a; Bamba et al., 2004; Ballet, 2006). One can understand this
using two different approaches. One approach is to consider that the plasma
containing the highest energy electrons is moving away from the shock front
with a relative velocity ∆v = Vs/r, with r the shock compression ratio. As
the electrons are moving outside the reach of the shock front they do not
gain, but only lose energy through synchrotron radiation/inverse Compton
scattering. After a certain time they have lost so much energy that they no
longer emit X-ray synchrotron emission. The width thus corresponds to the
advection length scale:
ladv =
Vstloss
r
= 4.9× 1016r−14 B−2−4
( Vs
5000 km/s
)( E
100 TeV
)−1
cm, (20)
where we have made use of Eq. 16. In order to put a more certain limit on
the magnetic field one can eliminate E by using Eq. 18 to obtain:
ladv = 1.8× 1017r−14 B−3/2−4
( Vs
5000 km/s
)( hν
1 keV
)−1/2
cm. (21)
This procedure is graphically illustrated in Fig. 3. A filament width 5 ×
1016 cm observed at 5 keV, therefore, corresponds to magnetic fields of 100-
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200 µG, or even more if one realizes that the measured filament width over-
estimate the physical width due to projection effects (c.f. Berezhko et al.,
2003b). This means that for Cas A and Tycho’s supernova remnant the mag-
netic fields are typically 100− 500 µG, well above the compressed magnetic
field of the Galaxy, which would be around 15 µG.
The other way to estimate the magnetic field is by noting that, as a result
of diffusion, a population of particles will typically spread out over a region
equal to the diffusion length scale. This can be expressed as
ldiff ≈ 2 D2
∆Vs
= 2
D2r
Vs
= 5.3× 1017B−1−4ηgr4
( Vs
5000 km s−1
)−1( E
100 TeV
)
cm.
(22)
Here, D2 is the diffusion coefficient behind the shock front. This puts at
least a minimum to the possible width of the filaments (see the shaded area
in Fig. 3). Interestingly, this methods has a difference dependence on r, E
and B. Nevertheless, using this estimate gives virtually the same magnetic
field values as the advection method (see for example Ballet, 2006; Parizot
et al., 2006).
In Eq. 22 one can replace E with hν using Eq. 18 (and ignoring the subtle
distinction between B⊥ and B, which is probably small in the post-shock
region anyway):
ldiff ≈ 1.4× 1017B−3/2−4 ηgr4
( Vs
5000 km s−1
)−1( hν
1 keV
)1/2
cm. (23)
This still relies on the idea that the observed photon energies hν cor-
respond roughly to the characteristic photon energies hνch, which may not
be necessarily true given the broad synchrotron emissivity function for a
given electron energy. However, one can make use of another property of
loss-limited synchrotron emission. Eq. 11 and Eq. 22 together give
tacc ≈ 2.8 ldiff
Vs
( r4
r4 − 14
)
. (24)
Combining this with the condition tloss ≈ tacc we see that
ldiff ≈ 1.5(r4 − 1
4
)ladv, (25)
This assumes that synchrotron losses are dominated by the losses in the
downstream region, where the magnetic field is higher than in the shock
precursor (c.f. Vink, 2005; Parizot et al., 2006; Vink et al., 2006). For r = 4
this gives ldiff ≈ ladv. This shows that estimating magnetic fields through
the advection length scale is almost equivalent to estimating them using the
diffusion length scale.
Using Eq. 20 and 22 to eliminate E one finds an expression for calculating
the typical downstream magnetic field that is independent of Vs and only
weakly dependent on the compression ratio and ηg. But it does rely on the
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assumption that the electrons causing the radiation have energies around the
cut-off energy (e.g. Parizot et al., 2006; Vink et al., 2006)
B2 ≈ 26
( ladv
1.0× 1018cm
)−2/3
η1/3g
(
r4 − 1
4
)−1/3
µG. (26)
The observed width lobs will be higher than this. First, because the observed
width is the width of the projected synchrotron emitting rim, not the actual
width. Second, since both advection and diffusion play a role, the synchrotron
emitting shell has a width that is determined by the convolution of the ad-
vection and diffusion length scales. So roughly lobs ≈
√
2ladv. The projection
effects depend on the ratio of the physical width to the shock radius, and on
possible deviations from spherical symmetry (e.g. Berezhko et al., 2003b).
Note that Eq. 26 is in principle less dependent on systematic uncertainties
than either Eq. 20 and 23, because it does not depend on the measured
velocity and it depends only weakly on the assumed compression ratio. But
it does rely on the assumption that the emission is caused by electrons with
energies close to the cut-off energy. This seems, in general, well justified for
X-ray emission from young SNRs, because these are characterized by X-ray
power-law indices that are steeper than the radio spectral index (α + 1). It
is of interest to that Eq. 20 and 23 should only give similar magnetic field
estimates if the assumption that electrons are close to the cut-off energy is
valid (Vink, 2005; Parizot et al., 2006). The fact that indeed the magnetic
field estimate based on either Eq. 20 and 23 give similar answers (Ballet,
2006) gives additional justification for the use of Eq. 26. Interestingly, this
also implies that the compression ratio cannot be deviating too much from
r = 4, since Eq. 20 and 23 have a different dependence on r. However, if is
there is a reason to expect that synchrotron radiation is observed at much
lower frequencies than the cut-off frequency, Eq. 20 is to be preferred. See
for example the use of Eq. 20 to determine the magnetic field properties of
a radio-arc in a cluster of galaxies by van Weeren et al. (2010).
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Fig. 4 Overview of X-ray synchrotron emission profiles in several supernova rem-
nants. The profiles are extracted from Chandra observations, with the exception
of RX J1713.7-3946 which is based on an XMM-Newton mosaic provided to us by
Dr. Fabio Acero (Acero et al., 2009b). The solid red line indicates a best fit model
based on a spherical model (i.e. the emissivity is projected onto the sky) with an
exponential fall off in emissivity away from the shock front. See text for further
explanation.
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2.6 Magnetic field measurements
Fig. 4 shows the synchrotron emission profiles of several, relatively bright,
supernova remnants. In all cases the emission is dominated by synchrotron
emission, which means that for X-ray spectral line-rich supernova remnants,
such as Cas A, Kepler, and Tycho, the line-poor spectral band of 4-6 keV
was used. The red lines show emission models consisting of an emissivity that
falls off exponentially toward the center (I ∝ exp(−(R−Rs)/Rw), Rw is the
width of the emitting region, c.f. Bamba et al., 2005), but, unlike Bamba
et al. (2005), here spherical projection effects are taken into account. X-ray
synchrotron emission from the pre-cursor is not fitted for here, because the
lower magnetic field upstream of the shock should result in a much lower X-
ray emissivity (Berezhko et al., 2003b). Nevertheless, this issue deserves more
attention in future studies, as precursor emission can be used to constrain
the diffusion constant upstream of the shock (see Achterberg et al., 1994, for
a study based on radio observations).
As Fig. 4 shows, the model is far from perfect 4. There can be several
reasons why the observed profiles are not well fitted with the exponential
model. First, in some cases there are large scale deviations from spherical
symmetry. A case in point is SN 1006, for which Willingale et al. (1996) and
Rothenflug et al. (2004) have shown that the X-ray synchrotron emission
is coming from two caps, rather than from a spherical shell. This can be
taken as evidence for a preference for acceleration in magnetic field orien-
tations that are on average parallel to the shock normal (Rothenflug et al.,
2004). Indeed, Fig. 4 shows that the model is over-predicting the emission
from the central region. Second, even though an exponential model may be
a reasonable description in general, the acceleration of electrons to TeV en-
ergies may fluctuate with time, and also the magnetic fields is likely to vary
from one region to another. For steep synchrotron spectra (all spectra here
have spectral indices of (Γ = 2 − 3.5) a small change in magnetic field lead
to large changes in emissivity (I ∝ BΓ , Ginzburg and Syrovatskij, 1967).
Magnetic field variations can be the result of large scale Alfve´n waves, as
explained in Sect.2.9. This caveat is related to the steady-state assumption
that goes in deriving Eq. 20. For example, during a typical acceleration time,
or synchrotron loss time, the shock velocity or the magnetic field may have
substantially changed. Finally, magnetic-field amplification (see elsewhere in
this volume and Sect. 2.7) operates most likely in the upstream region. In the
downstream region the turbulent, amplified magnetic field may decay down-
stream (Pohl et al., 2005). This would make in fact the magnetic estimates
based on Eq. 20 an overestimate. But strong magnetic field decay would also
affect the radio synchrotron morphology. This does not generally appear to
be the case (e.g. Cassam-Chena¨ı et al., 2007), with the possible exception of
one filament in the northeast of Tycho’s supernova remnant (Reynolds et al.,
2011). Nevertheless, some form of decay may occur in general, and would
affect the geometry of the X-ray synchrotron rims.
4 Note that some regions were excluded from the fit, for example for Tycho (West)
only the emission between 237′′ and 255′′ was fitted, as the emission closer to the
center may also have a thermal bremsstrahlung origin.
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Another assumption is that the spectral cut-off frequency is determined
by radiative losses, i.e. we assume a loss-limited spectrum. These broader
rims imply smaller magnetic fields (Eq 26) and, therefore, longer synchrotron
loss times. During these synchrotron loss times the shock properties may have
changed, i.e. the shock velocity was likely higher in the past, and the densities
may have been different in the past. Another case where this assumption may
not be valid is for the very young SNR G1.9+0.3.
We note here that a projected uniform thin shell emissivity fits in many
cases the observed profiles as well, or even better than an exponential emis-
sivity model. A thin shell has a peak that lies more inward of the shock
radius. Indeed, the exponential model tends to underpredict the emission
around the peak. A clear exception is Vela Jr (RX J0852.0-4622), where an
exponential model gives a much better fit than a uniform, projected shell.
The best fit shell width of the uniform model is typically a factor two larger
than the best fit characteristic width of the exponential model. Magnetic
field estimates based on a uniform shell model are, therefore, 40% smaller.
Table 2 lists magnetic field estimates of synchrotron rims in several super-
nova remnants, based on Eq. 20 and the profiles shown in Fig. 4. In order to
assess whether the spectra are loss-limited or age-limited we also list a rough
estimate of the synchrotron loss times, assuming a typical photon energy of
1 keV. It shows that only for G1.9+0.3 (Reynolds, 2008; Borkowski et al.,
2010; Carlton et al., 2011) it seems likely that the spectrum is age- rather
than loss limited. For this reason, one should treat the magnetic field esti-
mates as upper limits. For the RCW 86, RX J1713.7-3946, RX J0852.0-3622
and possibly SN 1006 one should still be concerned about the steady-state
assumption, as the synchrotron loss times are such that the shock velocity,
magnetic fields may have changed during a time ∼ tsyn.
The X-ray synchrotron spectra are caused by 10-100 TeV electrons that
are also responsible for inverse Compton scattering background photons into
TeV γ-rays. There is currently a controversy about whether the γ-rays emis-
sion is dominated by these inverse Compton scattered background photons,
or whether the γ-ray emission is due to the decay of neutral pions created
by the collision of CR nuclei with background material (see Hinton and Hof-
mann, 2009, for a review). The latter would directly establish the presence
of accelerated nuclei (hadronic CRs). In principle, once the average mag-
netic field is known one can predict, for a given X-ray synchrotron flux, the
expected inverse Compton TeV flux.
An object that played a central role in the debate about the dominant γ-
ray emission is RX J1713.7-3946. It was by many considered to be an example
of a supernova remnant emitting γ-rays dominated by pion decay (Aharonian
et al., 2004; Berezhko and Vo¨lk, 2008, 2010). But the lack of thermal X-ray
emission could be taken as evidence for a low density inside the supernova
remnant, which would argue against pion-decay dominated γ-ray emission
and in favor of inverse Compton dominated emission (Katz and Waxman,
2008; Ellison et al., 2010). Another argument in favor of inverse Compton
dominated γ-ray emission is the close resemblance between the X-ray and
γ-ray morphology (Acero et al., 2009b), which makes more sense if they are
both caused by the same population of particles: electrons. Also the most
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Fig. 5 The XMM-Newton X-ray mosaic of RX J1713.7-3946 kindly provided by
Dr. F. Acero (Acero et al., 2009b). The sector indicate (thin white line) indicates
the region that was taken to make the emission profile in Fig. 4.
recent Fermi-LAT results, combined with TeV results, favor inverse Compton
dominated emission (Abdo and Fermi LAT Collaboration, 2011). This implies
that the average magnetic field must be relatively small, 10 µG. This seems
at odds with the observed fluctuations of X-ray synchrotron filaments, which,
if interpreted as corresponding to synchrotron loss times, implies magnetic
field of 0.1 mG (Uchiyama et al., 2007, but see Sect. 2.9). Often also the size
of the X-ray synchrotron filaments are used to advocate a high magnetic field
inside RX J1713.7-3946. In that case one usually concentrates on bright X-ray
synchrotron structures. But as the RX J1713.7-3946 panel in Fig. 4 shows,
these filaments are embedded inside a broad plateau of X-ray synchrotron
emission. The overall X-ray synchrotron emission comes from a very broad
region. For the south-eastern region of RX J1713.47-3946 a magnetic field of
B ∼ 35 µG is inferred (Table 2), but several other sectors of this supernova
remnant have even broader emission zones (Fig. 5). An average magnetic
field of B ∼ 10 µG is, therefore, quite plausible 5.
5 There has been little attention to this issue, but see http://online.itp.ucsb.
edu/online/astroplasmas_c09/vink/pdf/Vink_AstroPlasmasConf_KITP.pdf.
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Fig. 6 The downstream magnetic field pressure versus the energy flux through the
shock ρ0V
3
s . The data points are based on the values listed in Table 3. Note that
the errors are quite large in both vertical and horizontal directions, and that the
errors are largely systematic errors. The solid line indicates the relation B2/(8pi) =
10−11.1ρ0V 3s . The inset shows the values for SN1993J (Fransson and Bjo¨rnsson,
1998) and the solid line depicts the same relation as in the main panel.
2.7 The case for magnetic field amplification
The average magnetic field in the interstellar medium is of the order of 5 µG.
After a supernova remnant shock compresses the perpendicular magnetic field
component with a factor four (or more) the resulting post-shock magnetic
field should be B2 ∼ 15 µG. As Table 2 shows, all supernova remnants seem
to have magnetic fields higher than this; Cas A and Tycho have even con-
siderably higher magnetic fields. This has been taken as evidence that some
form of magnetic field amplification is operating in the vicinity of shocks of
young supernova remnants (Vink and Laming, 2003; Berezhko et al., 2003b;
Bamba et al., 2005; Ballet, 2006).
Their are several means by which this magnetic field amplification occurs
(see elsewhere in this volume), but a mechanism that received a lot of at-
tention is the so-called Bell’s instability (Bell, 2004). For this mechanism the
magnetic field energy density scales as B2 ∝ ucrVs ∝ ρ0V 3s , with ucr the CR
energy density in the CR precursor.
Vo¨lk et al. (2005) used their magnetic field determination based on the
X-ray synchrotron rims to show that B2 ∝ ρ0V 2s , i.e. a roughly fixed fraction
of the energy density in the shocked plasma comes from the magnetic field.
However, Vink (2006), using a more up to date determination of the shock
velocity of Cas A and slightly different magnetic field estimates, showed that
B2 ∝ ρ0V 3s seems to fit somewhat better.
Fig. 6 shows the downstream magnetic energy density versus ρ0V
3
s for the
magnetic fields listed in Table 2 and densities and velocities in Table 3. There
is indeed a strong correlation. However, plotting B2 versus ρ0V
2
s would give
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a roughly similar correlation. The reason is that although there is a quite
a dramatic contrast among young supernova remnants in ρ, there is little
dynamic range in Vs. Moreover, there is quite some systematic uncertainty
in Vs, as they have not been measured for all supernova remnants, and even
if measured through proper motions, there is quite some uncertainty in the
distance estimates toward the supernova remnants. What makes the case for
a B2 ∝ ρV 3s relation more plausible is that it better connects to the data
point corresponding to the well studied radio supernova SN 1993J (Fransson
and Bjo¨rnsson, 1998; Tatischeff, 2009). This radio supernova was observed to
have a very high shock velocity of 20,000 km s−1, and its shock was moving
through the dense wind of the progenitor. These values are dramatically dif-
ferent from those of young supernova remnants. However, an assumption has
to be that despite these different regimes for the parameters the underlying
physics for the magnetic field amplification in SN1993J is the same as for the
young supernova remnants.
What is striking in Table 2 is that the lower magnetic fields are associated
with larger supernova remnants (SN 1006, RX J1713.7-3946, RX J0852.0-
4622). This can be easily understood by noting that there is probably a
linear relation between B2 and ρ0 and that for X-ray synchrotron radiation
one needs shock velocities > 2000 km s−1. Only supernova remnants in
low density environments can reach radii of more than 7 pc and still have
such high velocities. But low densities does, according to our knowledge of
magnetic amplification, correspond to low magnetic fields.
2.8 X-ray synchrotron flux changes
As a supernova remnant expands its shock velocity decelerates and the
plasma and relativistic particles cool adiabatically. The synchrotron emis-
sion will, therefore, change as a function of time. This was first noticed for
the radio-synchrotron emission from Cas A whose flux density changes by
about 1% per year (Ho¨gbom and Shakeshaft, 1961; Baars et al., 1977). This
secular decrease was interpreted by Shklovsky (1968) as due to adiabatic
losses.
For X-ray synchrotron radiation adiabatic losses may also be taken into
account, but a more prominent factor is the change in shock velocity, as this
changes the cut-off frequency in the loss limited case (Eq. 19), which has a
strong effect on the synchrotron flux above the cut-off frequency. If we take
for example the following asymptotic form of the synchrotron spectrum (c.f.
Zirakashvili and Aharonian, 2007; Katsuda et al., 2010b; Patnaude et al.,
2011):
F (hν) = φBΓ0 × (hν)−Γ0 exp
(
−
√
ν
νcut−off
)
, (27)
with Γ0 the asymptotic spectral index below the cut-off and φ a normalization
constant, we see that the spectral index is given by:
Γ = Γ0 +
1
2
√
hν
hνcut−off
, (28)
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Fig. 7 The flux decrease of the SNR Cas A in the 4.2-6 keV, synchrotron-
dominated, X-ray band, based on Chandra observations (Patnaude et al., 2011).
(Courtesy Dr. D. Patnaude, reproduced by permission of the AAS.)
with hνcut−off given by Eq. 19.
The fractional change in cut-off frequency as a function of the change in
shock velocity is determined by:
1
νcut−off
νcut−off
dt
= 2
1
Vs
dVs
dt
= 2
(m− 1)
t
, (29)
with t the age of the supernova remnant and m the so-called expansion pa-
rameter characterizing the evolution of the supernova remnant (R ∝ tm, Vs =
mR/t).
We can use this to estimate the expected X-ray synchrotron flux change
due to changes in hνcut−off alone6:
1
F (ν)
dF (ν)
dt
= − 1
2
√
ν
νcut−off
ν
ν2cut−off
dνcut−off
dt
=
√
ν
νcut−off
(m− 1)
t
(30)
A recent analysis of the Chandra observations of Cas A showed that
this supernova remnant has a decline in X-ray synchrotron flux at a rate
of 1.5%-2% yr−1 (Patnaude et al., 2011, see Fig. 7). In fact, if one takes
m = 0.65 (Vink et al., 1998; Delaney and Rudnick, 2003; Patnaude and Fesen,
6 Note that Katsuda et al. (2010b) uses a similar formalism, but with slightly
different dependencies as they also consider the change in the amplified magnetic
field
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2009), t = 330 yr, and
√
ν/νcut−off ≈ 0.6 − 7 (corresponding to hνcut−off =
0.1−2 keV), then Eq. 30 predicts a fractional decline rate of 0.06-0.7% yr−1.
This is smaller than observed, but it should be noted that the strongest
decline rate seems to be associated with the X-ray synchrotron emission
from the reverse shock (Sect 2.12) for which m is not well measured. We
also note that the cut-off frequency does not seem to be well defined. Indeed,
one of the peculiar features of Cas A its near power-law spectral shape from
∼ 5 − 100 keV (Renaud et al., 2006), whereas Eq 27 predicts a gradual
steepening.
Eq. 28 can be used to couple the flux decline rate with a steepening of
the synchrotron spectrum (Patnaude et al., 2011):
1
F (ν)
dF (ν)
dt
= −2dΓ
dt
. (31)
The Chandra observations of Cas A indicate dΓ/dt = 0.022 yr−1, which
should correspond with a flux decline of ∼ 4 % yr−1, which is clearly too
large. These discrepancies could either point to the invalidity of the simple
model for flux decline (see also the discussion in Patnaude et al., 2011), or
the invalidity of Eq 27 to describe the overall X-ray synchrotron spectrum of
Cas A.
For the youngest known supernova remnant G1.9+0.3 the X-ray syn-
chrotron flux is measured to be increasing with a rate of 1.7 ± 1.0 % yr−1
(Carlton et al., 2011). A similar flux increase is observed in the radio. This
flux increase is most likely due to an expansion in a uniform medium. Due
to an increase of the swept up mass the emission will increase, although not
linearly with the swept-up mass due to adiabatic losses (Carlton et al., 2011).
The same is true for the X-ray synchrotron emission, but here, like for Cas
A, the change in cut-off frequency will be a large effect. If the synchrotron
spectrum is age limited the change in cut-off frequency can be found by
combining Eq. 11 and Eq. 18, which gives (Katsuda et al., 2010b):
νcut−off ∝ B3V 4s t2, (32)
which, if B is assumed constant, gives:
1
νcut−off
dνcut−off
dt
=
4(m− 1) + 2
t
. (33)
This implies that the cut-off frequency will decrease for m < 0.5, and con-
sequently the X-ray synchrotron flux would be more likely to decrease. Note
that Katsuda et al. (2010b) and Carlton et al. (2011) include a dependence
of B2 ∝ V 2s and find
1
νcut−off
dνcut−off
dt
=
(7(m− 1) + 2)
t
, (34)
with a decline in cut-off frequency for m < 0.71. For B2 ∝ V 3s we find
1
νcut−off
dνcut−off
dt
=
(17(m− 1)/2 + 2)
t
, (35)
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which gives a decline in cut-off frequency for m < 0.76. These expressions can
be used together with the second part of Eq. 30 to estimate flux changes in age
limited cases. Note that the value for m is not known for G1.9+0.3, because
it is usually estimated from the relation Vs = mR/t, but since G1.9+0.3 is
not connected to an historical event, t is not known.
The equations 33 - 35 show a peculiarity of the X-ray synchrotron emission
for age limited spectra. If the m is too small, the cut-off frequency only
decreases. For the constant magnetic field case this is not so dramatic because
young supernova remnants in Table 3 have in most cases m > 0.5. But in
the case of magnetic-field amplification it may in some cases be difficult to
understand why there is X-ray synchrotron radiation at all. For example, for
Cas A, m = 0.65. This value corresponds roughly with a Sedov model for
a supernova remnant evolving inside the wind of the progenitor. Since Cas
A evolves in a dense wind m = 0.65 is probably valid for the last 200 yr
(van Veelen et al., 2009, Fig. 7). If that is indeed the case then most of the
electrons responsible for X-ray synchrotron radiation may have been electrons
that were injected in the early supernova remnant phase. Indeed, in the early
phase one expects m > 0.8. For example, SN1993J was observed to have
m ≈ 0.84 (Marcaide et al., 2009).
For Type Ia supernova remnants a similar problem exists if one takes
them to evolve in their early phase in a self-similar way. One would then
expect m = 0.57 (Chevalier, 1982a). But it seems more likely that the ejecta
structure has an exponential profile (e.g. Dwarkadas and Chevalier, 1998), in
which case in the early phase one expects m > 0.7.
One should note, however, that magnetic-field amplification is not an
instantaneous process. It probably evolves simultaneously with the acceler-
ation of particles to higher and higher energies. This, nevertheless, shows
that observations of X-ray synchrotron flux decline serve to cast a new light
on the theory of the evolution of supernova remnants, the theory of X-ray
synchrotron radiation, and even on the issue of magnetic field amplification.
2.9 X-ray surface brightness variations in supernova shells
Clumpy structures in X-ray emission are frequently observed in imaging ob-
servations of supernova remnants. These structures have X-ray spectra that
can be both thermal or non-thermal in nature. Structures with thermal X-
ray spectra may be caused either by instabilities at the contact discontinuity,
by clumps of ejecta protruding beyond the blast wave or by reverse shock
heating of clumpy ejecta material. The spatial and temporal characteristics
of structures with non-thermal X-ray spectra are probably caused by par-
ticle acceleration and the associated processes of fluctuating magnetic field
amplification.
Here, we limit ourselves to a discussion of X-ray brightness variations
in supernova shells related to energetic particle acceleration processes and
therefore to the structures with non-thermal X-ray spectra. These X-ray
brightness variations may originate both from the bremsstrahlung emission of
electrons with keV-MeV energies and from synchrotron radiation of electrons
with TeV energies in stochastic magnetic fields.
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2.10 Synchrotron surface brightness fluctuations and stripes in Tycho
X-ray synchrotron emission structures have been observed with the superb
spatial resolution of the Chandra telescope in many young supernova rem-
nants (see e.g., Vink and Laming, 2003; Bamba et al., 2005; Uchiyama et al.,
2007; Patnaude and Fesen, 2009; Helder and Vink, 2008; Eriksen et al., 2011).
The morphology of the extended, nonthermal, thin filaments observed at the
supernova remnant edges, and their X-ray brightness profiles, strongly sup-
port the interpretation that >∼ 10 TeV electrons are accelerated at the
forward shock of the expanding supernova shell and produce synchrotron ra-
diation in an amplified magnetic field (see e.g. Reynolds, 2008; Vink, 2008a).
The small scale X-ray structures brightening and decaying on a one-year
timescale were reported by Uchiyama et al. (2007) in the shells of the su-
pernova remnant RX J1713.7-3946 and in Cas A by (Patnaude and Fesen,
2007; Uchiyama and Aharonian, 2008; Patnaude and Fesen, 2009). The rapid
variability of the structures detected with Chandra were interpreted as the
X-ray synchrotron structures that are produced by ultrarelativistic electrons
accelerated in a strongly magnetized environment with the magnetic field
amplification by a factor of more than 100. Moreover, Uchiyama et al. (2007)
suggested that the X-ray variability is a direct signature of the ongoing
shock-acceleration of electrons in real time. However, the presence of the
very high magnetic fields in the shell of supernova remnant RX J1713.7-3946
was shown by Butt et al. (2008) to be too constraining from the view of the
multi-wavelength observations, unless the high field regions occupy a small
fraction of the volume.
Efficient diffusive shock acceleration of high-energy particles requires a
substantial amplification of magnetic field fluctuations in the vicinity of the
shock; see e.g. Bell (1978); Blandford and Eichler (1987); Malkov and Drury
(2001). Magnetic-field amplification mechanisms due to CR instabilities in
nonlinear diffusive shock acceleration were proposed recently by several stud-
ies Bell (2004, 2005); Amato and Blasi (2006); Vladimirov et al. (2006);
Marcowith et al. (2006); Vladimirov et al. (2009); Zirakashvili and Ptuskin
(2008); Bykov et al. (2011b); Schure and Bell (2011). These models predict
cosmic-ray streaming ahead of the shock will amplify the local magnetic field
substantially.
An alternative explanation for the surface brightness fluctuations in RX
J1713.7-3946 and Cassiopeia A was offered by Bykov et al. (2008b). As the
amplified magnetic fields in supernova shells are highly turbulent, they might
produce local enhancements, resulting in isolated structures in a synchrotron
image that show large variations in the brightness. Note that these brightness
variations can occur even if the particle distribution is smooth and steady.
Bykov et al. (2008b, 2009) investigated this effect, resulting in the follow-
ing three predictions. Firstly, the cut-off energy of the emitted synchrotron
spectrum can be significantly increased for a distribution of electrons residing
in a turbulent magnetic field, as compared to electrons in a uniform field with
the same strength. Secondly, the variation in surface brightness is on shorter
timescales for images obtained at higher energies. More specifically, the time
scales expected are similar to those found in X-ray images of RX J1713.7-
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3946 and Cassiopeia A. Future hard X-ray imaging instruments as NuSTAR
and ASTRO-H will probably be able to test this prediction. Thirdly, the
model predicts that the synchrotron emission from these bright structures
will be highly polarized, as illustrated in Figure 8.
Recently, very unusual structures consisting of ordered sets of bright,
non-thermal stripes were discovered a deep Chandra exposure of Tycho’s
supernova remnant (Eriksen et al., 2011). The stripes are clearly seen in the
4.0-6.0 keV image of the remnant (Fig. 9). At these energies, the emission is
dominated by X-ray synchrotron radiation. Understanding these structures
presents a unique opportunity for current models of X-ray synchrotron images
of young supernova remnants. As the stripes are likely caused by peaks in
magnetic turbulence of a perpendicular shock, this provides a way to measure
the orientation of the magnetic field of the ambient medium (Bykov et al.,
2011a).
Also, the coherent nature of the X-ray stripes likely suggests that the
underlying magnetic turbulence is strongly anisotropic relative to an or-
dered mean background magnetic field. Bykov et al. (2011a) modeled Ty-
cho’s stripes assuming they are the result of the nonlinear evolution of the
anisotropic CR-driven magnetic instability by (Bell, 2004; Vladimirov et al.,
2009; Bykov et al., 2011b), and concluded that the structures should only
occur in the shell section where the local field lies mainly along the shock
surface and where the turbulence cascading is suppressed. The simulated
stripes are shown in Fig. 10. They found that the orientation of the ambient
magnetic field at the location of the stripes has to be quasi-perpendicular
to the shock normal. The unstable growing magnetic modes must maintain
coherence over a scale, close to the size of the CR precursor. Additionally,
the modes have to be linearly polarized. Turbulence cascading along the
mean field should be suppressed to prevent the broadening in wavenumber
(k) of the generated turbulence. Vladimirov et al. (2009) demonstrated in
their nonlinear diffusive shock acceleration model that the spectral cascade
suppression results in a peaked structure of the magnetic fluctuation spectra.
The predicted polarized fraction of ∼ 50% would make these stripes easily
detectable in future X-ray polarization observations
2.11 The asymptotic behavior of particle spectra
According to non-linear diffusive shock acceleration theory the spectrum of
accelerated particles should not be a power law, but instead gradually harden.
The reason is that the presence of accelerated particle ahead of the shock
creates a shock precursor, which pre-compresses the gas, before it is further
compressed by the gas shock. Also the overall shock compression can be
substantially higher than the canonical factor four, for a high Mach number
shock in a monatomic gas. At the same time, a high compression in the pre-
cursor, means a lower Mach number at the actual gas shock, as the medium
has already been adiabatically heated. All this means that the highest energy
particles may scatter back and forth across the total shock region, sampling
the full compression ratio, whereas the low energy cosmic rays only sample
the gas-shock region, which may have a compression ratio of about r = 2.5.
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Fig. 8 Simulations of polarized synchrotron emission in a random magnetic field at
5 keV adapted from Bykov et al. (2009). The left panel shows intensity. The central
panel shows the product of intensity and polarization degree. The right panel shows
the degree of polarization (colorbar represents its scale). The
√〈B2〉 = 3 × 10−5
G and the spectral energy density of magnetic fluctuations W (k) ∝ k−2. For the
models with W (k) ∝ k−1 see Figs. 2-4 in Bykov et al. (2009).
Since in the test particle approach the power-law index of the spectrum of
accelerated particle is q = (r + 2)/(r − 1) one sees that for r = 2.5 q = 3,
whereas for r = 7 it is q = 1.5. For non-linear shock acceleration one expects
a spectrum that gradually changes in spectral slope as a function of energy.
For low energies the slope of the particle spectrum will be q ≈ 3, but it is
expected to asymptotically harden to q = 1.5 at high energies if compression
ratios are r ≈ 7. Malkov (1997) showed that for even higher compression
ratios one expects q = 1.5. On the other hand, if Alfve´n waves are on aver-
age directed away from the shock front a softer spectrum may be expected
(Zirakashvili and Ptuskin, 2008).
Observationally, there is clear evidence that synchrotron spectra from
young SNRs are not power laws over a long range of frequencies. The first
evidence for this was presented by Reynolds and Ellison (1992), who showed
that the radio spectra of Tycho and Kepler gradually harden from ∼ 108 Hz
to ∼ 1010 Hz.
Cas A has a rather steep radio spectrum, α = 0.78, corresponding to
q = 2.6 and, on face value, corresponding to a compression ratio of r = 2.9,
with little evidence for intrinsic spectral hardening within the radio spectrum.
But comparing the radio data with synchrotron emitting regions detected
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Fig. 9 Chandra X-ray 4.0-6.0 keV image of the Tycho supernova remnant,
smoothed with a ∼ 0′′.75 Gaussian. Adapted from Eriksen et al. (2011), courtesy
to Dr. Eriksen.
in the infrared reveals that the synchrotron spectrum must have hardened
(Jones et al., 2003).
Also some X-ray synchrotron spectra show that spectral hardening must
occur. In X-rays the synchrotron emission is observed near or beyond the
spectral cut-off frequency, but for RCW 86 (Vink et al., 2006) and SN 1006
(Allen et al., 2008) the extrapolation of the radio synchrotron spectrum can-
not at the same time explain the X-ray flux and the X-ray spectral index. For
both cases a curved synchrotron spectrum describes the combined radio and
X-ray observations better. Note that in both cases an heuristic curved elec-
tron spectrum was chosen. In Fig. 11 the data points and curved synchrotron
models are shown for the northeastern region of RCW 86. Both models with
an asymptotic power-law index for the electron distribution of q = 2 (the
classic Fermi acceleration index) and q = 1.5 can in principle explain the
observations. Note that incorporating curvature in the models will lead to
lower values for the cut-off frequency when compared to a classic, but very
much simplified, X-ray synchrotron model as srcut (Reynolds and Keohane,
1999). Note that one should take into account that the radio emission from a
SNR is likely to come from a much larger volume than the X-ray synchrotron
emission. So it is better to apply this type of analysis to small X-ray emitting
regions, rather than to emission from the entire SNR.
Although the evidence for curvature is quite compelling, we see that the
evidence for an asymptotic particle power-law index of q = 1.5, expected for
33
Fig. 10 Supernova remnant synchrotron emission images simulated by Bykov et al.
(2011a) to model the Tycho supernova remnant stripes. Simulations done within
a frame of the nonlinear model of diffusive shock acceleration taking into account
magnetic field amplification from a CR current driven instability. The left panel is
the synchrotron X-ray intensity at 5 keV regime. The degree of polarization of the
X-ray emission is in the right panel with the degree of linear polarization shown in
the color bar. The high degree of polarization of the X-ray synchrotron stripes is
evident. Reproduced by permission of the AAS.
strongly non-linear acceleration, is much less clear. Also TeV γ-ray obser-
vations do not provide evidence for spectra that are that hard, with most
observed spectral indices Γ > 2. But the measurements errors are still large
enough, and the interpretation of the results (pion-decay or inverse Comp-
ton scattering) still uncertain enough, that one cannot yet firmly rule out
q = 1.5.
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q=2.2 (no bend)
q=2.2 -> q=2
q=2.2 -> q=1.5
Fig. 11 Broad band energy density spectrum of the northeastern part of RCW
86. The radio spectrum, here represented with a flux density point at 1 GHz and a
spectral index α = 0.6, cannot be connected with the X-ray flux point if one assumes
an electron spectrum consisting of a power law with an exponential cut-off. Instead
a gradual flattening is needed, although there is enough freedom to either have a
modest flattening, with an asymptotic index of q = 2 or to have q = 1.5 predicted
by non-linear shock acceleration theory. (Figure from Vink et al., 2006, reproduced
by permission of the AAS.).
2.12 Particle acceleration at the reverse shock
Throughout the Sedov phase of the supernova remnant evolution, the shock
velocity of the reverse shock can be comparable to, or even higher than, the
forward shock velocity (Truelove and McKee, 1999). This in itself makes the
reverse shock a probable location for CR acceleration. However, in contrast
to the magnetic field of the ambient medium, the magnetic field in the freely
expanding ejecta (which is upstream for the reverse shock) is negligible. As
magnetic fields are essential for particle acceleration processes, it is not obvi-
ous that reverse shocks are able to accelerate particles (Ellison et al., 2005).
Observational evidence for cosmic-ray acceleration at the reverse shock would
provide useful constrains on the required magnetic field upstream to make
particle acceleration work.
A number of observations suggest synchrotron emission from the reverse
shock. DeLaney et al. (2002) found radio synchrotron emission coinciding
with the reverse shock, implying the presence of GeV electrons. Also, the
southwest corner of the RCW 86 remnant shows signs of X-ray synchrotron
emission. This corner is interacting with a cavity wall and as a reaction, the
reverse shock probably developed very strongly in this part of the remnant.
Coincidentally, it is exactly in this part of the remnant where there are dis-
tinct filaments of non-thermal X-ray emission inside of the thermal emission
at the outside (Rho et al., 2002), suggesting the presence of accelerated par-
ticles at the reverse shock. Additionally, Zirakashvili and Aharonian (2010)
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suggested that the arc-like structure in the X-ray synchrotron emission of
RX J1713.7-3946 is formed by the reverse shock as well (See Figure 5).
The non-thermal X-ray emission of Cas A is rather complex. The ori-
gin of the narrow filaments that mark the outside of the remnant is at the
forward shock, but there is non-thermal emission at the inside as well (Got-
thelf et al., 2001). Helder and Vink (2008) concluded from a deprojection
of the megasecond Chandra image in the 4 to 6 keV band and the different
kinematical properties (DeLaney et al., 2004) that these inner non-thermal
X-ray filaments are originating from a shell inside of the forward shock, rather
than located at the forward shock, projected onto the center of the remnant.
Uchiyama and Aharonian (2008) reached a similar conclusion for Cas A,
based on the fact that the inner filaments showed surface brightness fluctua-
tions and the outside structure did not (but, see Patnaude and Fesen, 2009).
A non-thermal bremsstrahlung is unlikely for these inner filaments, as non-
thermal tails to the electron distribution would have disappeared through
Coulomb interactions on timescales shorter than the lifetime of the remnant
(Vink, 2008b). Therefore, Helder and Vink (2008) concluded that the non-
thermal X-ray emission at the center of Cas A is synchrotron radiation of
TeV electrons at the reverse shock. Whether these electrons were accelerated
or reaccelerated (Schure et al., 2010) at the reverse shock remains unclear.
2.13 Gamma-ray observations of supernova remnants
Ever since the detection of γ-rays from the Crab nebula by the Whipple Tele-
scope (Weekes et al., 1989) showed the potential of Cherenkov telescopes, the
field of TeV γ-ray astronomy is thought to hold the key to solve the mystery
of the origin of Galactic CRs. But despite the tremendous advances in TeV
γ-ray astronomy, there is, as we will discuss below, no definitive proof that
the CRs are accelerated by supernova remnants in sufficient quantities and
to energies beyond the knee in order to explain the CR spectrum on earth.
Nevertheless, our understanding of CR acceleration in supernova remnants
has increased substantially as a result of γ-ray astronomy. The results of TeV
γ-ray telescopes (∼ 0.1 − 100 TeV) has recently been complemented by ob-
servations with the GeV γ-ray satellites (∼ 0.1− 100 GeV) AGILE (Tavani
et al., 2008) and Fermi (Atwood et al., 2009).
2.13.1 Hadronic versus leptonic γ-ray radiation
γ-ray astronomy is of great importance for determining the CR content of
astrophysical sources, because only in γ-rays one can observe photons emitted
as a result of hadronic CRs (i.e. CR nuclei/ions), which make up 99% of
the CRs observed on earth. The emission is caused by CR nuclei colliding
with the background medium, thereby producing, among others, pions (pi-
mesons). The neutral pions decay immediately into two photons, each having
in the rest-frame of the collision an energy of half that of the pion rest mass,
Mpi0c
2 = 135.0 MeV. In the frame of the observer the photon has an energy
that is on average about 12% of the energy of the primary CR particle. The
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γ-ray spectrum and emissivity is directly related to the spectrum of CRs in
the source and the density of the background medium, nH. If the primary
particle spectrum is given by
ncr(Ep)dEp = kE
−qp
p dEp, (36)
with k a normalization constant and qp the spectral index, the γ-ray emis-
sivity is given by
dn(hν)
dhνdt
= nH
∫
ckpE
−qp
p σpp,inel(Ep)
df(hν,EP)
dhν
dEp. (37)
Here c is the velocity of the CR, σpp,inel the inelastic collision cross sec-
tion, and the function df(hν,Ep)dEp/dhν gives the energy distribution of
the γ-rays as a function of the primary proton energy. This function includes
the effects of multiplicity7 (the number of pions produced per collision), the
distribution of energies of the pions, and emission angle dependence. In ad-
dition, it should include the effects of composition of both the cosmic rays
and the background plasma. An approximation that is sometimes made is
that for a large range of energies σpp,inel is assumed to be constant, and
< hν/Ep >≈ 0.17 (including the contribution of η-meson production, Aha-
ronian and Atoyan, 2000). Since the pion production cross section is only
mildly energy dependent (see Kelner et al., 2006, for approximate formulae),
the spectral photon index is approximately that of the spectral index of the
particles, Γ ≈ qp.
However, the detection of γ-rays cannot be uniquely attributed to CR nu-
clei, because relativistic electrons (leptonic CRs) also produce γ-rays through
two radiative processes: inverse Compton scattering and bremsstrahlung.
The emissivity of inverse Compton scattering depends on the density of
relativistic electrons and the number density and spectrum of the background
photons that are being upscattered. The relation between initial photon en-
ergy and up-scattered energy is hνIC ≈ γ2ehνi. The background radiation is
often assumed to be from the cosmic microwave background, which usually
dominates the photon field in the Galaxy. But in some cases other sources of
photons dominate. A case in point is Cas A, which is itself a strong source
of far infrared radiation, which is the dominant source of seed photons for
inverse Compton γ-rays in the object (e.g. Abdo et al., 2010b).
The cross section of inverse Compton scattering is given by the Thomson
cross section σT, except at very high energies where the cross is reduced as
a result of the Klein-Nishina effect. Thus the total electron energy loss due
to inverse Compton scattering is approximately
dEe
dt
= −4pi
c
σTuradγ
2
e , (38)
with urad the radiation density of background photons. Since νIC ∝ E2e (so
dE ∝ ν−1/2dν), the relation between the photon index and the electron spec-
tral index is Γ = (qe + 1)/2, with qe the spectral index of the electrons. This
7 Sometimes the effect of multiplicity and cross section is combined in an inclusive
cross section σ(Ep,incl) (e.g. Dermer, 1986; Kamae et al., 2006).
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Fig. 12 γ-ray excess count map of RX J1713.7-3946 as observed by HESS. Over-
layed are 1-3 keV X-ray (ASCA) intensity contours. Credit: Aharonian et al., A&A,
235, 243, 2007, reproduced with permission© ESO.
relation between the spectral indices of the photon and electron spectrum
is the same as for synchrotron radiation (Ginzburg and Syrovatskii, 1965),
and is quite distinct from the relation between primary spectrum and photon
spectrum expected from pion decay. Note that over a large range the elec-
tron and proton spectral indices are expected to be similar with qe = qp ≈ 2.
The inverse Compton spectrum is expected to be harder Γ ≈ 1.5− 1.7, but
in the TeV range of the spectrum the cut-off of the electron spectrum can
still result in a spectrum softer than Γ = 1.7. For that reason, the broad
coverage provided by including GeV observations with Fermi or AGILE is
important. Moreover, the GeV emission of supernova remnants comes from
the same electrons that also produce radio synchrotron radiation. So the
spectral slopes in the radio and γ-rays can be directly compared.
A third radiation process that is important, and which like pion-decay
scales with background density nH, is bremsstrahlung, caused by deflections
of the electrons as they encounter charged particles. For relativistic electrons
the power-law spectral photon index is approximately equal to the primary
electron spectrum, Γ = qe. The bremsstrahlung is approximately a power
law over a broad range of energies, unlike pion decay, which drops off rapidly
for energies below half the pion rest mass energy of neutral pions 65.5 MeV.
2.13.2 γ-ray observation of young shell-type supernova remnants
The first shell-type supernova remnant to be detected in ultra high energy
γ-rays was Cas A with the HEGRA single-dish Cherenkov telescope (Aha-
ronian et al., 2001). With the advent of more sensitive telescopes like HESS
and later MAGIC and VERITAS, more shell-type supernova remnants were
detected (Table 1.1). These include well known sources such as Cas A (Aha-
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ronian et al., 2001; Albert et al., 2007b), SN 1006 (Acero et al., 2010), RCW
86 (Aharonian et al., 2009) and very recently Tycho (Acciari et al., 2011).
In addition, there are a number of previously poorly known supernova rem-
nants detected in TeV γ-rays. These include RX J1713.7-3946 (Aharonian
et al., 2004) and RX J0852.0-4622 (HESS Collaboration: F. A. Aharonian,
2006). These two sources have a low surface brightness in the radio and X-
rays, but have turned out to be among the brightest TeV sources in the
Galaxy. All these TeV sources are also known as X-ray synchrotron emit-
ters, with the X-ray emission from RX J1713.7-3946 and RX J0852.0-4622
being even completely dominated by synchrotron emission (Sect. 2.3). The
average power-law index of the γ-ray emission from young shell-type super-
nova remnants is Γ ≈ 2.3 ± 0.3. The hardest emission was detected for RX
J1713.7-3946, with emission detected up to ∼ 100 TeV. Its average spectrum
is best fit with Γ = 2.32± 0.01. But a better fit is provided by a power law
with an exponential cut-off that scales as exp(−√ν/νc). In that case the best
fit parameters are Γ = 1.79± 0.06, a cut-off energy of hνc = 3.7± 1.0 TeV.
Initially a strong case was made that the TeV γ-ray emission was caused
by pion-decay radiation (e.g. Berezhko and Vo¨lk, 2008, 2010). This would
constitute direct proof that protons are accelerated to energies of at least
∼ 1014 eV. As discussed in Sect. 2.3 this implied that the magnetic field
must be relatively high in all these sources (& 100 µG), as otherwise the
observed synchrotron flux would require a high CR electron density. This
would enhance the γ-ray inverse Compton scattering, and making it the
dominant source of γ-rays.
The fact that all young supernova remnants that emit TeV γ-rays are
also X-ray synchrotron emitters (Table 1.1) is a reason to be cautious about
pion-decay dominated models, since, clearly, electrons are present with en-
ergies > TeV, which could result in an appreciable, if not dominant, inverse
Compton contribution to the γ-ray flux. Moreover, the lack of thermal X-ray
emission from the prominent γ-ray source RX J1713.7-3946 suggests that
the density in the supernova remnant is low. This would suppress pion-decay
emission, as it scales with nH (Eq. 37, see Katz and Waxman, 2008; Ellison
et al., 2010). But it may be that the thermal X-ray emission is suppressed
by very low plasma temperatures, which could be a by-product of efficient,
non-linear CR acceleration (Drury et al., 2009). As explained in Sect. 2.3 the
magnetic field in RX J1713.7-3946 may not be as high as sometimes assumed.
This makes it also more likely that inverse Compton scattering dominates
the TeV emission from this source.
The best evidence that the TeV γ-ray emission from RX J1713.7-3946
is dominated by inverse Compton scattering is provided by recent Fermi
observations (Abdo and Fermi LAT Collaboration, 2011), because they pro-
vided the broad spectral coverage needed to distinguish the different spectral
behavior of pion-decay and inverse Compton scattering. This showed that
Γ = 1.5, which is consistent with the spectral index expected for inverse
Compton scattering. The hadronic-model (pion-decay) for the γ-ray is not
yet completely ruled out, as Γ = 1.5 is still consistent with a very hard pri-
mary proton spectrum of qp = 1.5, which could be the result of extremely
efficient, non-linear CR acceleration (Malkov, 1997). But in that case the
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spectral break around 4 TeV indicates that the maximum proton energy is
around 40 TeV, very far removed from “the knee”. So ironically, a leptonic
model may be more consistent with the idea that supernova remnants accel-
erate protons to very high energies, as it gives the freedom to assume that
the non-detected protons have much higher cut-off energies.
Cas A was the first shell-type supernova remnant detected in TeV γ-rays
(Aharonian et al., 2001; Albert et al., 2007b). Its broad band GeV/TeV γ-ray
spectrum casts some doubt on the idea that more than 10% of the explo-
sion energy in young supernova remnants is contained by CRs (Abdo et al.,
2010b). The recent Fermi observations do not provide sufficient information
on the dominant γ-ray emission, as both hadronic (pion decay) models and
leptonic models (for Cas A a combination of inverse Compton scattering and
bremsstrahlung) provide reasonable fits to the 0.1 GeV-10 TeV spectrum.
But for Cas A the conclusion is that either model shows that the CR energy
budget in Cas A is at most 4× 1049 erg, which corresponds to at best 2% of
the total explosion energy.
Of all the young supernova remnants, only Tycho’s supernova remnant
seems to offer a good case that a substantial amount of the explosion energy
has been used to accelerate CRs, and that the γ-ray emission is dominated by
pion-decay. Tycho’s supernova remnant was only recently detected in the TeV
and GeV range by respectively VERITAS (Acciari et al., 2011) and Fermi
(Giordano et al., 2011). The spectrum in the GeV range has a spectral index
of Γ = 2.2, whereas the radio spectral index α = 0.6 implies an inverse
Compton scattering spectrum of ΓIC = 1.6. Non-thermal bremsstrahlung
could in principle fit the spectrum, but requires a density of nH ≈ 9 cm−3.
This would be much higher than expected based on the dynamics of the
supernova remnant (Katsuda et al., 2010a), unless the compression ratio
behind the shock front is very high. The total energy in CRs required by
fitting a pion-decay model to the joint Fermi and VERITAS data shows that
10 ± 5% of the explosion energy is contained in CRs. The uncertainty is
caused by some uncertainties in the distance, density, and overall explosion
energy.
So what are we to make of the γ-ray emission from young shell-type
supernova remnants? Taking all the γ-ray observations of young supernova
remnants together, the results are somewhat mixed and confusing. Sources
that initially were considered promising candidates for substantial hadronic
CR acceleration, RX J1713.7-3946 and Cas A, do not seem to require a
substantial energy in CRs. But Tycho’s supernova remnant seems to have
a substantial energy in CRs, although perhaps not as high as one might
hope for in a young supernova remnants. Currently, only a few TeV emitting
supernova remnants have also been detected by Fermi, so the balance may
still shift a little more toward a hadronic origin for γ-ray emission.
However, an important ingredient of CR acceleration by supernova rem-
nants has only recently received more attention. This is the issue of CR
escape. Non-linear CR acceleration is thought to be accompanied by sub-
stantial escape of high energy particles upstream (e.g. Malkov and Drury,
2001; Blasi et al., 2005; Reville et al., 2009; Vink et al., 2010; Drury, 2011,
the latter for a more nuanced view of escape). It is actually this escape of CRs
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that makes the high compression ratios possible. It is therefore possible that
for sources like Cas A a substantial amount of CR energy has already escaped
the supernova remnant. Also the discovery of TeV sources in the vicinity of
mature supernova remnants testifies of the importance of CR escape (see the
next section).
Note that core-collapse supernova remnants such as Cas A and Type
Ia supernova remnants, such as Tycho, show a different γ-ray response to
escaping CRs. The reason is that core-collapse supernova remnants often
evolve in the wind of their progenitors, which in the case of Cas A is likely
a dense red supergiant wind (Chevalier and Oishi, 2003). In such a wind the
density falls off with radius as ρ(R) = M˙w/(4piR
2vw/3), or, nH(R) ∝ R−2.
So escaping CRs, while diffusing outward, encounter less dense material.
If we assume that the total number of CRs is Ncr and the typical region
over which they have diffused is Rdiff than the average CR density is ncr =
3Ncr/(4piR
3
diff). The pion decay luminosity scales approximately as
Lpi0 ∝
∫ Rdiff
0
ncrnH(R)4piR
2dR. (39)
For a uniform background density this means that
Lpi0 ∝ NcrnH,
i.e. the total luminosity does not depend on Rdiff . But for a supernova rem-
nant evolving inside a stellar wind we have
Lpi0 ∝ 3NcrM˙w/(vwR2diff).
Since Rdiff ∝
√
t, this means that for core-collapse supernova remnants, the
older the supernova remnant, the weaker the pion decay luminosity. This
simple model does, of course, assume that the highest energy CRs are ac-
celerated rather early in the life of a supernova remnant. For a supernova
remnant inside a stellar wind that may well be the case, because the density
and velocity are very high early on, and all the flux of particles entering the
shock is higher in the beginning (see the case of SN 1993J in Sect. 2.3). This
is in contrast to the case of a uniform medium, where the flux of particles
entering the shock is slowly increasing with time.8 This difference in accel-
eration properties for supernova remnants in different media will likely lead
to larger maximum proton energies in core collapse supernova remnants, es-
pecially those expanding in dense winds, and Type Ia supernova remnants
(Ptuskin and Zirakashvili, 2005; Schure et al., 2010).
If escape is indeed important, even for young supernova remnants, this im-
plies that perhaps for Tycho’s supernova remnant some of the γ-ray emission
may not come from the shell, but from the vicinity of the supernova remnant.
Indeed, there is a hint of an offset between Tycho’s supernova remnant and
8 For example, for the Sedov solution in a uniform medium, R ∝ t2/5 we have
F = 4pinH(R)R
2v ∝ t1/5. Whereas for the Sedov solution inside a stellar wind,
R ∝ t2/3, we get F = 4pinH(R)R2v ∝ v ∝ t−1/3.
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the TeV γ-ray emission in the direction of a molecular cloud (Acciari et al.,
2011).
The above analysis also implies that supernova remnants in a uniform
density medium should still be visible for a relatively long time, as the total
pion-decay luminosity is more or less constant. But in practice, at some mo-
ment the total emission may come from such a large region that the γ-ray
surface brightness will become low, and the supernova remnant CR “halo”
will be difficult to detect, due to lack of contrast with the background emis-
sion. Moreover, at large distance from the supernova remnant the diffusion
coefficient is likely to become larger, as the CR generated, magnetic turbu-
lence will be reduced if the CRs are spread out. Furthermore, the circum-
stellar media of supernovae are usually more complicated than the simple
models presented here. In particular, a stellar wind zone finishes in a region
of enhanced density, the wind shell. This shell, once reached by escaping CRs.
may be a source of enhanced pion decay emission.
Over the next five years we will likely increase our understanding of γ-ray
emission of young supernova remnants, as the current γ-ray observatories
will continue their exploration of the Galaxy. But then the next big step
forward will likely be made with the Cherenkov Telescope Array (CTA: CTA
Consortium, 2010), which will be ten times more sensitive, and have a broader
energy range than current Cherenkov telescopes. This may provide more
information on the importance of escaping CRs, and how they diffuse into
and interact with the circumstellar medium, before becoming part of the
overall population of Galactic CRs.
2.14 GeV and TeV γ-ray observations of mature SNRs
The first evidence that old supernova remnants can be GeV emitters too, was
provided by Esposito et al. (1996), based on EGRET data. However, the point
spread function of EGRET did not allow for an unambiguous identification
of the γ-ray source with supernova remnants. Currently, Fermi has been able
to confirm the EGRET results and has added many other mature supernova
remnants to the list of the γ-ray sources (Table 2.14).
Their γ-ray spectra are generally characterized by a broken power law
with the peak of the emission in the GeV regime (e.g. Li and Chen, 2011).
The break photon energy is typically a few GeV and spectra above the break
are very steep in comparison to the spectra as predicted by diffusive shock
acceleration theory. For this reason, the GeV γ-ray telescopes as Fermi and
AGILE are essential for detecting these intermediate aged remnants. Re-
markably, shock waves of almost all these old remnants are interacting with
dense molecular clouds, as evidenced by detection of hydroxyl (OH) masers
at 1720 MHz (Wardle and Yusef-Zadeh, 2002; Hewitt et al., 2009). The origin
of the GeV γ-rays can be interpreted as hadronic processes (e.g. Abdo et al.,
2010a). The high density in and near the supernova remnant suggests that
the emission is likely due to pion decay, but bremsstrahlung cannot in all
cases be ruled out, as this also scales with nH (e.g., Abdo et al., 2010d, and
section 2.13). However, new AGILE observations of two supernova remnants
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Name Other GeV TeV Interacting?
name γ-rays γ-rays
G6.4-0.1 W28 Y1 Y2 OH maser3
G8.7-0.1 W30 Y4 N OH maser3
G15.4+0.1 N Y5
G22.7-0.2 Y6 N N
G23.3-0.3 W41 Y7 Y9 CO8
G31.9+0.0 3C 391 Y4 N OH-maser3
G34.7-0.4 W44 Y9 N OH-maser10
G43.3-0.2 W49B Y11 Y12 H2 emission
13
G49.2-0.7 W51C Y14 Y15 OH-maser3
G74.0-8.5 Cygnus Loop Y15 N CO emission16
G180.0-1.7 S147 Y17 N
G189.1+3.0 IC 443 Y18 Y19 OH-maser20
G304.6+0.1 Kes 17 Y21 N OH-maser22
G318.2+0.1 N maybe23 12CO emission23
G348.5+0.1 CTB 37A Y4 Y24 OH-maser22
G349.7+0.2 Y4 N 12CO emission25
G359.1-0.5 HESS J1745-303 N Y26 OH-maser27
Table 4 Table with mature supernova remnants that have been detected at GeV
and/or TeV γ energies. 1 Abdo et al. (2010a); Giuliani et al. (2010), 2 Aharonian
et al. (2008c), 3Hewitt et al. (2009), 4 Castro and Slane (2010), 5Hofverberg et al.
(2011b) 6 Laffon et al. (2011),7 Me´hault et al. (2010), 8 Tian et al. (2007), 9Abdo
et al. (2010d); Giuliani et al. (2011), 10 Hoffman et al. (2005), 11 Abdo et al.
(2010c), 12 Brun et al. (2011), 13 Keohane et al. (2007), 14 Abdo et al. (2009), 15
Fiasson et al. (2008), 16 Katagiri et al. (2011), 17 Katsuta et al. (2012), 18 Abdo
et al. (2010e); Tavani et al. (2010), 19 Albert et al. (2007a); Acciari et al. (2009) 20
Hewitt et al. (2006), 21Wu et al. (2011), 22 Frail et al. (1996), 23 Hofverberg et al.
(2011a), 24 Aharonian et al. (2008a), 25 Dubner et al. (2004), 26 Aharonian et al.
(2008b), 27 Wardle and Yusef-Zadeh (2002). For a short descripion of most of these
sources, see Li and Chen (2011).
(W44, W28 Giuliani et al., 2011, 2010) reveal the characteristic low energy
cut-off expected for pion decay (Figure 13).
Several models explain the break and the steep spectra in terms of a
crushed cloud model (Aharonian and Atoyan, 1996; Ohira et al., 2011a;
Malkov et al., 2011; Uchiyama et al., 2010; Inoue et al., 2010). In this model,
the GeV and TeV γ-ray emission is explained by pion decay from accelerated
protons after the supernova remnant interacts with a high density molecular
cloud.
As CRs escape from remnants, they have a spectrum with a power-law
index of approximately two (Ptuskin and Zirakashvili, 2005). Aharonian and
Atoyan (1996) showed that γ-ray spectra CRs after escaping the remnant
get steeper because of energy-dependent diffusion. The diffusion length after
escaping from the supernova remnant, Rdiff , is given by
Rdiff(E) =
√
4DISM(E)∆t , (40)
where DISM(E) and ∆t are the diffusion coefficient of ISM and the elapsed
time, respectively. Let QSNR ∝ E−s and DISM(E) ∝ Eδ be the CR spectrum
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Figure 4. Theoretical modeling of the broadband spectrum of SNR W44
superimposed with the radio (data points in red color) and gamma-ray data
of Figure 2 (in blue color). TeV upper limits are also shown. This is a hadronic
model characterized by B= 70 µG and n= 100 cm−3. The yellow curve shows
the neutral pion emission from the accelerated proton distribution discussed
in the text. The green curves show the electron contribution by synchrotron
(dashed curve), Bremsstrahlung (solid curve), and IC (dotted curve) emissions.
The red curve shows the total gamma-ray emission.
(A color version of this figure is available in the online journal.)
the target gas is confined, for example, by MCs (see, e.g.,
Gabici et al. 2010; Ohira et al. 2011). A comprehensive
theoretical interpretation of this fact is beyond the scope of
this work and will be addressed in a forthcoming paper.
5. CONCLUSIONS
W44 turns out to be an extremely interesting SNR whose
environment and shocked material configuration favor a detailed
testing of hadronic versus leptonic emission. We find that models
of accelerated protons/ions interacting with nearby dense gas
successfully explain all the observed multifrequency properties
of W44. The total number of accelerated hadrons in W44 is
consistent with an efficiency of a few percent in the conversion
of SNR kinetic energy into cosmic-ray energy.
Within the hadronic scenario, the broadband spectrum is
successfully modeled by the gamma-ray emission resulting from
the decay of neutral pions produced by accelerated protons/ions
with a spectral index near 3 and a cut-off energy Ec ∼ 6 GeV
(Figures 2 and 4). Electrons (a few percent in number) contribute
to the synchrotron radio emission and to a weak Bremsstrahlung
component. It is interesting to note that the spectral cut-off
energy Ec and the steep power-law index may indicate either a
“diffusion” effect of high-energy hadrons, or a suppression of
efficient particle acceleration in dense environments (Uchiyama
et al. 2010; Malkov et al. 2011) as expected in W44. Our results
on W44 are complementary with those obtained in other SNRs,
most notably IC 443 (Tavani et al. 2010) and W28 (Giuliani et al.
2010b). Also in these SNRs the complex interaction of cosmic
rays with their dense surroundings produces gamma-ray spectra
with high-energy cut-offs observed in the range 1–10 GeV.
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Fig. 13 Broadband spec rum of supernova remnant W44 with the best-fit model
(red line). Overplotted is a hadronic model, revealing the char cteristic low cut-off
expected for pion decay (yellow curve). The green curves show the contribution of
several emission mechanis s from energetic electrons (Figure from Giuliani et al.,
2011, reproduced by permission of the AAS.)
in the supernova remnant and the diffusion coefficient of ISM, respectively.
Then, the CR spec rum at a certain point within the diffusion length, fdiff ,
is given by
fdiff(E) ∝ QSNR(E)
R3diff(E)
∝ E−(s+1.5δ) . (41)
The factor of R−3diff can be interpreted as the dilution due to the diffusion.
Higher energy CRs h ve a longer diffusion lengths and are more diluted,
so that the pectrum f escaping CRs becomes steeper than that of the
source. The interaction between thes escaping CRs and molecular clouds
can produce γ-rays outside supernova remnants and can explain the uniden-
tified very-high-energy γ-ray sources (Aharonian and Atoyan, 1996; Gabici
et al., 2009). Interestingly, HESS and MAGIC have now revealed several
TeV sources, near, but not coinciding with, mature supernova remnants.
This appears to be the case for W28 (Aharonian et al., 2008c), IC 443 (Al-
bert et al., 2007a) and G35.6-0.4 (Torres et al., 2011). The dea is that the
sources are molecular clouds th t are illuminat d as CRs that escaped from
the supernova remna t are interacting with the dense material in the molec-
ular cloud. Escaping CR electrons also produce γ-rays outside supernova
remnants (Ohira et al., 2011b).
In summary, it is unclear whether the GeV and TeV γ-ray emission from
the youngest remnants is of hadronic of leptonic origin. In contrast, the GeV
(and TeV) γ-ray emission from middle-aged supernova remnants is most
likely explai ed by the hadro ic scenari , giving credence to the paradigm
that supernova remnants are capable of accelerating proto s as well as elec-
trons. As these old remnants are expected to no longer accelerate particles
up to the knee, this does not provide evidence for supernova remnants being
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able to accelerate particles to the knee. But since the new GeV/TeV obser-
vations provide clear evidence for escaping CRs, acceleration up to or even
beyond the knee is certainly possible.
3 Balmer dominated Shocks
A fast non-radiative shock in ionized gas produces none of the usual nebular
emission lines, but if the gas is partly neutral, then some H atoms will be
excited before they are ionized. They produce faint Balmer line emission fila-
ments that trace the edges of several young Type I supernova remnants, along
with a few older remnants and pulsar wind bow shocks. The Hα line profiles
show broad and narrow components (Kirshner and Chevalier, 1978), which
provide valuable diagnostics for the proton and electron temperatures in the
shocked gas, along with a means of detecting a shock precursor (Raymond,
1991; Heng, 2010).
The neutrals pass through the shock front completely unaffected by the
magnetic and electric fields in the shock or by plasma turbulence. They find
themselves immersed in hot plasma moving at Vs(1 − 1/r), where Vs is the
shock speed and r is the compression ratio. One of three things can happen:
they can be ionized by collisions with electrons or ions; they can be excited
by electrons or ions, or they can undergo charge transfer with protons. Even-
tually they all become ionized. All the H I emission is produced before the
hydrogen is ionized, so it reflects conditions immediately behind the shock.
Particles that are excited before any other interaction occurs produce
Balmer line emission with the same velocity distribution that they had up-
stream, and this is called the Narrow Component of the profile. Since the
upstream plasma must be cooler than about 10,000 K in order to have a sub-
stantial neutral fraction, one expects a line width below 25 km s−1 (FWHM).
Other particles undergo charge transfer. This produces a population of neu-
trals with a velocity distribution similar to that of the post-shock protons,
but weighted by the velocity times the charge transfer cross section. In shocks
faster than about 1000 km s−1, the charge transfer can go into an excited
state and produce an Hα photon. Either charge transfer to the excited states
or collisional excitation of the fast neutrals will produce a Broad Component,
whose line width is on the order of the post-shock proton thermal speed
(Chevalier and Raymond, 1978; Chevalier et al., 1980; Heng and McCray,
2007; Heng et al., 2007; van Adelsberg et al., 2008).
The line widths of the Narrow and Broad components give the pre- and
post-shock temperatures fairly directly. The intensity ratio of the Broad and
Narrow components depends on the ratio of ionization and charge transfer
rates, so it provides a means of determining the electron-to-ion temperature
ratio immediately behind the shock. In the following, we discuss the impli-
cations for shock precursors and for electron-ion temperature equilibration.
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Fig. 14 Hα line emission of the southwest shock of supernova remnant 0509-67.5 in
the Large Magellanic Cloud. The solid line indicates a fit to the line, with a broad
and a narrow gaussian line profile convolved with the spectral resolution. Note that
the width of the narrow component is determined by the spectral resolution. Figure
was published in Helder et al. (2010), reproduced by permission of the AAS.
3.1 Anisotropy and non-Maxwellian distributions
Nearly all analyses of X-ray, optical and UV emission from shocks assume
isotropic, Maxwellian velocity distributions, but in a collisionless plasma that
may not be the case. Several types of complex distributions are possible.
Neutrals following charge transfer: Heng and McCray (2007), Heng et al.
(2007), van Adelsberg et al. (2008) and de Laat (2011) have carried out
detailed calculations of the H I velocity distribution in the shocked plasma.
For moderate shock speeds, the distribution is nearly Maxwellian, but at
speeds above about 2000 km s−1, the rapid dropoff of the charge transfer
cross section with speed produces distributions that are narrower in the flow
direction than the perpendicular direction, and they are not Maxwellian.
Pickup Ions: Ohira et al. (2009b) and Raymond et al. (2008) discuss the
velocity distribution of protons produced when H atoms that pass through
the shock as neutrals become ionized downstream. Because they suddenly
find themselves immersed in a rapidily moving magnetized plasma, they be-
have like pickup ions in the solar wind (Moebius et al., 1985; Gloeckler et al.,
1993; Isenberg, 1995). They initially have the form of a monoenergetic ring
beam gyrating around the magnetic field. That unstable distribution gener-
ates plasma waves and relaxes to a bispherical distribution symmetric about
the magnetic field direction. Ohira et al. (2009b) discuss the wave genera-
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tion, magnetic field amplification and shock structure modification that can
result, and those changes could affect CR acceleration. Raymond et al. (2008)
predict the signatures that could be detectable in the Hα line profile.
Power-law tails: cosmic-ray acceleration implies a power-law tail at some
level, and velocity distributions in the solar wind are often seen to have a
κ-distribution character, consisting of a nearly Maxwellian core with a power-
law tail. The power-law tail must contain a large fraction of the total energy
in order to produce detectable wings on the Hα profile.
Observations of Hα line profiles are generally interpreted by fitting Gaus-
sians for the Broad and Narrow components, but Raymond et al. (2010)
show the profile from a shock in Tycho’s supernova remnant that cannot be
fit with two Gaussians. They are not able to discriminate among the pos-
sibilities that the profile results from pickup ions, a κ distribution, a hot
precursor, or merely the superposition of different shocks within the spectro-
graph slit. Analysis of other spectra from Tycho may help to sort out the
options.
3.2 Shock precursors
The diffusive shock acceleration model for acceleration of CRs in shock waves
requires a precursor region where energetic particles streaming away from the
shock generate turbulence, and where the turbulence scatters particles back
toward the shock so that first order Fermi acceleration can occur (Blandford
and Eichler, 1987). The plasma in the precursor is compressed, heated and
accelerated toward the shock speed (Boulares and Cox, 1988; Vladimirov
et al., 2008). The scale length of the precursor is given by the diffusion
coefficient of the most energetic cosmic rays, D (see equation 12), divided by
Vs, and it should be on the order of an arcsecond for typical young Galactic
supernova remnants. A precursor unrelated to CRs is also possible, in that a
few percent of the neutrals in the Broad Component can overtake the shock,
and if they deposit energy and momentum there they can decelerate (in the
shock frame) and heat the incoming gas (Hester et al., 1994; Smith et al.,
1991). Its length scale is the charge transfer length scale, which is typically
0.1 to 1 arcsecond.
Indirect evidence for a shock precursor comes from the narrow compo-
nent widths measured in 9 supernova remnants (Sollerman et al., 2003). With
the exception of SN1006, the widths are 35 to 58 km s−1. At the tempera-
tures implied by those widths, hydrogen would be fully ionized, so the heat-
ing must occur in a precursor narrow enough that much of the neutral gas
passes through the precursor before being ionized. This implies thicknesses
compatible with the CR precursor, which in turn would imply D values of
1024 − 1025 cm2/s (Hester et al., 1994; Smith et al., 1991; Lee et al., 2007).
The one supernova remnant that shows no enhanced line width is SN 1006
(Sollerman et al., 2003). This could be related to the lack of non-thermal
emission in that section of the supernova remnant, but it might also be that
the density is so low that neutrals pass through the precursor without inter-
acting at all, so that their line width does not reflect heating in the precursor.
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More direct evidence for a precursor comes from the observation of faint
emission ahead of the main shock filaments in Tycho’s supernova remnant.
Spectra from Subaru show this to be narrow component emission (Lee et al.,
2007), and an HST image shows that it trails off gradually ahead of the shock
(Lee et al., 2010). By combining the observations with models by Wagner
et al. (2009), Lee et al. (2010) obtained a precursor length scale of about
6 × 1016 cm and a peak temperature in the precursor of 80,000-100,000 K.
This implies D ∼ 1025 cm2 s−1. The neutrals may affect D, since they could
damp the waves that scatter energetic particles (Drury et al., 1996), which
lowers the maximum energy the CRs can achieve and reduces the overall
acceleration efficiency.
The interaction between neutrals and a CR precursor may be much more
complex than is suggested by the estimates of scale length and temperature.
A strong precursor accelerates the pre-shock plasma to a substantial fraction
of the post-shock speed. When a neutral becomes ionized in the precursor,
either through charge transfer or collisional ionization, it behaves much like
a pickup ion in the solar wind (Ohira and Takahara, 2010; Raymond et al.,
2011). The resulting population of protons may retain an anisotropic, high
speed velocity distribution, or it may come into equilibrium with the ther-
mal protons by way of plasma wave interactions. In either case, if the neutral
fraction is substantial there can be important effects on the heating and com-
pression in the precursor and on the injection of particles into the acceleration
process.
It should be kept in mind that Broad component neutrals that overtake
the shock, as suggested by Hester et al. (1994) and Smith et al. (1991) might
also account for the observed Narrow component width of Hα and for the Hα
ahead of the main shock front observed by Lee et al. (2007, 2010). Complete
models are not yet available, though Lim and Raga (1996) found that this
process had little effect on the Hα profile. However, they did not consider
the possibility that the protons formed from fast neutrals that penetrate
the shock deposit a significant fraction of their energy by generating plasma
waves.
3.3 Temperature versus shock speed
Once a shock deposits a substantial fraction of its kinetic energy into acceler-
ating particles, the structure of the shock will change. A particle accelerating
shock will have a lower post-shock temperature that a non-accelerating shock.
In this section, we first describe how the post-shock temperature relates to
the post-shock cosmic-ray pressure and cosmic-ray energy flux escaping the
system (3.3.1). In 3.3.2 we describe how the proton and electron tempera-
tures can differ and where this causes caveats in determining the cosmic-ray
acceleration efficiency. Section 3.3.3 lists the observations that have been car-
ried out to determine cosmic-ray acceleration efficiency parameters based on
post-shock plasma temperatures. Section 3.3.4 concludes with the relation
between the post-shock pressure and the cosmic-ray energy flux escaping the
system.
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3.3.1 Physical parameters
If a shock accelerates CRs, it changes the physical parameters of the plasma
behind the shock front. Firstly, the CR pressure increases as the shock is ac-
celerating more efficiently. The total pressure behind the shock front remains
approximately constant, implying that the local thermal pressure, and there-
with the temperature, drops. Secondly, the effective equation-of-state (γs) of
the post-shock plasma changes from γs = 5/3 (non-relativistic) to γs = 4/3
(relativistic) if the post-shock pressure gets more CR dominated (Chevalier,
1983):
γs =
γs
γs − 1 =
5 + 3wCR
3(1 + wCR)
. (42)
Here, wCR is the fraction of the post-shock pressure that is contributed by
CRs. Using the conservation of mass, momentum and energy over the shock
front, and taking into account that a fraction (CR) of the energy flux through
the shock ( 12ρV
3
s ) is escaping the system, we get the following expression for
the compression ratio over the shock front (c.f., Berezhko and Ellison, 1999;
Vink, 2008a):
r =
G+
√
G2 − (1− CR)(2G− 1)
1− CR , (43)
where G = 32wCR +
5
2 . Altogether, this leads to a mean post-shock tem-
perature (T ) of
〈kT 〉 = (1− wCR)1
r
(1− 1/r)µmpV 2s . (44)
Here, µ is the mean particle mass in units of the proton mass (mp), which
is ∼0.6 for solar abundances. This has to be compared to the temperature
behind non-accelerating shocks: 〈kT 〉 = 3/16µmpV 2s . To quantify the effect of
CR acceleration, we define a parameter
β = 〈kT 〉/3/16µmpV 2s .
So, for a non-accelerating shock, β = 1 and a lower β implies more efficient
shock accelerating CRs.
3.3.2 Electron-proton temperature equilibration
To measure the cosmic-ray acceleration efficiency from the temperature deficit,
we have to know the mean plasma temperature. Most young supernova rem-
nants emit thermal X-ray emission, enabling us to determine their electron
temperatures from the shape of the bremsstrahlung continuum. Unfortu-
nately, directly behind the shock front, the electron temperature is not nec-
essarily equal to the temperature of other atomic species. They might even
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Fig. 15 β (black line) and compression ratio (grey dashed line) over the shock
front as function of energy flux escaping the shock (as fraction of the incoming
energy, FTOT =
1
2
ρV 3s ). Based on the equations of Vink et al. (2010).
differ as much as their mass ratio (a factor of 1836 for electrons to protons).
Therefore, the electron temperature at the shock front is a poor indicator for
the mean plasma temperature.
In time, the temperatures will evolve to the mean plasma temperature.
If Coulomb interactions are the only process contribution to equilibration,
this will happen after net ∼ 1012 s cm−3, where ne is the electron den-
sity, and s the time in seconds (Vink, 2004). However, it is rather uncer-
tain at which electron to proton temperature ratio a plasma has if it was
just shocked. From optical observations, a relation of 1/V 2s was proposed for
Vs > 400 km s
−1, below 400 km s−1 the electron and proton temperature
were similar (Ghavamian et al., 2007) (however, see van Adelsberg et al.,
2008; Helder et al., 2011). This change of behavior at 400 km s−1 might be
explained if one realizes that this if very similar to the electron velocities in a
neutral medium with a temperature of 104 K. Therefore, the electrons might
not feel the shock as a discontinuity (Bykov and Uvarov, 1999; Bykov, 2004).
It is not well-understood how cosmic-ray acceleration affects ion-electron
temperature equilibration. One possibility is that the heating of electrons in
the CR precursor in combination with the lower Mach number will lead to
temperature equilibration for shocks with velocities > 400 km s−1. Addition-
ally, Patnaude et al. (2009) argue that the increased compression ratio of
particle accelerating shocks (section 4) accelerates the equilibration, as the
ionization time (net) is a function of the density too.
3.3.3 Observations
Hughes et al. (2000) measured the electron temperature behind the shock
front of SNR 0102.2-7210 in the small Magellanic Cloud as well as the shock
velocity based on X-ray data. They found that, even after correcting for
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temperature equilibration effects, the measured electron temperature was
still too low for the measured shock velocity, indicating that SNR 0102.2-
7210 has efficiently accelerating shocks.
Salvesen et al. (2009) did a similar study for the ∼ 10,000 year old Cygnus
Loop remnant, based on electron temperatures obtained from X-ray spectra
as extracted from ROSAT-PSPC data. The shock velocity was determined
from proper motion measurements taken from optical images obtained with
the Palomar Observatory Sky Survey in two epochs, 39.1 years apart. From
this study follows that the post-shock cosmic-ray pressure is negligible.
Helder et al. (2009) did a similar study on the TeV γ-ray remnant RCW 86
(Aharonian et al., 2009) at the location where the shock front shows X-
ray synchrotron emission. They used the Hα line to determine the post-
shock proton temperature, and 2 epochs of Chandra data to measure the
proper motion of the shock front. The shock velocity was significantly higher
than one would expect from the post-shock proton temperature, resulting in
β = 0.3.
However, one has to caution that for the latter two studies, the proper
motions were determined using emission from a different wavelength than
the emission used to determine post-shock plasma temperature. This has the
caveat that one might match physical parameters for shocks that happen to
be in the same line of sight, but are not part of the same physical system.
Helder et al. (2010) measured the post-shock proton temperature as ob-
tained with VLT/FORS2 for the LMC remnant SNR 0509-67.5 (Fig. 14).
They combined this with a shock velocity determined from high resolu-
tion X-ray spectra as obtained with the XMM-Newton RGS instrument
(Kosenko et al., 2008). The resulting shock velocities were 5000 km s−1
and 6000 km s−1 for the SW and NE shocks respectively. These velocities
seem to be confirmed by results from a preliminary study carried out by
Hovey and Hughes (2012), as they measure an average shock velocity of 6500
±200 km s−1 around the remnant, based on a proper motion study using
two epochs of Hubble Space Telescope data. The velocities of Helder et al.
(2010) resulted in a value of β = 0.7 for the SW shock. The NE shock does
not show evidence for cosmic-ray acceleration, but note that the uncertainty
on the post-shock proton temperature is rather large, and therefore efficient
cosmic-ray acceleration is not excluded either.
3.3.4 Relation wCR and CR
Equation 44 shows that measuring the fraction by which the temperature
is lowered β in itself does not provide information on the conditions of the
cosmic-ray pressure of cosmic-ray escape of the shock. To solve this, Helder
et al. (2009) and Helder et al. (2010) used a curve as an upper limit for CR,
leading to lower limits for wCR:
CR
wCR
= (1− 1/r)2. (45)
This curve is based on the asymptotic particle spectra of a strong shock
Malkov (1999). In a more recent study, Vink et al. (2010) calculated the
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relation between CR and wCR, using the standard Rankine-Hugoniot jump
conditions over a shock, this time including a cosmic-ray precursor. Surpris-
ingly, the CR−wCR-relation resulting from this study overlaps exactly with
the upper limit in equation 45 for a γ of the CRs of 5/3. For a γ of the CRs
of 4/3, we get the following results: for RCW 86, wCR = 0.5 and CR = 0.2
and for the SW shock of SNR 0509-67.5, wCR = 0.21 and CR = 0.03.
4 Increased compression ratio
As soon as a shock becomes efficient in accelerating, the density behind the
shock front will increase for two reasons. The equation of state of the post-
shock plasma will soften, leading to a higher overall compression ratio. Also, if
a shock loses its energy in the form of CRs escaping, it compensates for these
energy losses by making the plasma behind the shock front denser, in order to
maintain pressure equilibrium (equation 43 and Fig. 15). This immediately
implies that the forward shock will be closer to the reverse shock and contact
discontinuity than for a non-accelerating shock (Decourchelle et al., 2000;
Ellison et al., 2004; Kosenko et al., 2011). The grey line in Fig. 15 shows the
relation of the compression ratio as function of CR.
This provides a way for measuring such an increased density. If one can
accurately trace the outer edges of the shocked ejecta (i.e., the contact discon-
tinuity), this can be compared with standard, non-CR accelerating models
of supernova remnant evolution. This was done for the first time by Warren
et al. (2005) for the Tycho supernova remnant using a principal component
analysis to determine the location of the forward shock, contact discontinu-
ity and reverse shock. Indeed, in Tycho, the contact discontinuity appears to
be closer to the shock front than expected from standard models, implying
efficient cosmic-ray acceleration (Kosenko et al., 2011).
In interpreting the outer edges of the ejecta in terms of the contact dis-
continuity, one should be careful. Hydrodynamical instabilities can bring the
ejecta in front of the contact discontinuity (Blondin and Ellison, 2001; Wang,
2011). Cassam-Chena¨ı et al. (2008) did a similar study on the SN1006 rem-
nant, and revealed that the ejecta are closer to the forward shock at locations
coinciding with X-ray synchrotron emission and TeV γ-ray emission. How-
ever, they found the contact discontinuity to be too close to the shock front,
for efficiently accelerating models, even for the regions that did not coin-
cide with TeV γ-ray emission of X-ray synchrotron emission. In a subsequent
study, Miceli et al. (2009) found that the ejecta are less close to the shock
front. Also, their study showed the ejecta to be similarly close to the shock
front at the locations of the TeV γ-ray emission as well as at other shocks.
In fact, they concluded the shocks to be modified by cosmic-ray acceleration
everywhere.
Note that the separation between shocked ejecta and the forward shocks
might also be reduced if the forward shock encounters a density jump in the
ambient medium (see e.g. Kosenko et al., 2010).
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4.1 Effect of CRs on Supernova Ejecta Morphology and Clumping
Blondin and Ellison (2001) carried out hydrodynamical simulations on the
evolution of supernova remnants, including the effects of particle acceleration.
In particular, they studied the effect of high compression ratios resulting
from efficient cosmic-ray acceleration. They found a decrease in the distance
between the forward and contact discontinuity with respect to a shock that
was not accelerating particles. Moreover, in cases where particle acceleration
is particularly efficient, instabilities at the contact discontinuity might reach
the forward shock. This will cause the shock front to be perturbed by these
instabilities. Rakowski et al. (2011) found protrusions along the eastern rim of
SN 1006. This was interpreted in the context of an upstream magnetic field,
amplified by streaming CRs Bell (2004, 2005), enhancing Rayleigh-Taylor
instabilities post shock.
4.2 Fast Moving Supernova Ejecta Fragments
Aschenbach et al. (1995) discovered protruding structures in the Vela su-
pernova remnant, using the ROSAT satellite and dubbed them ‘shrapnels’.
Miyata et al. (2001) used Chandra to investigate ‘shrapnel A’ and found that
its silicon abundance is above solar. Cassiopeia A also has fragments of ejecta
outside of the main rim. These were first detected in optical (e.g. van den
Bergh, 1971; Kirshner and Chevalier, 1977, and the references therein). These
fragments were interpreted in the context of shock-wave emission models by
Raymond (1976), resulting in the conclusion that their abundances are con-
sistent with uncontaminated material from the core of a massive star. Laming
and Hwang (2003) analyzed several knots of Cassiopeia A as observed with
Chandra.
5 Molecular ion diagnostics of CR acceleration sources
For a long time, the ionization of the interstellar medium by CRs has been
considered an important factor in the phases of the interstellar medium (Field
et al., 1969; Spitzer, 1978). The chemical reactions that take place in molecu-
lar clouds are determined by CR ionization rates (e.g. Herbst and Klemperer,
1973; Dalgarno, 2006). Padovani et al. (2009) calculated the gas ionization
rates in molecular clouds assuming a CR spectrum extrapolated to low ener-
gies from observed CR proton and electron spectra. Hereby, they took into
account CR particle energy loss processes. Their model agreed with obser-
vational data, only if the energy flux of the CR spectrum increases at low
energies (below ∼100 MeV). The diffusion of CRs within molecular clouds are
thought to be the dominated by the magnetic field orientation and strength.
Padovani and Galli (2011) modeled this diffusion and found that magnetic
mirroring is more important than magnetic focussing, resulting in a reduc-
tion of the CR ionization rate with a factor of about 2-3 in the core of the
molecular cloud.
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Molecular ion line observations may serve as a diagnostics of processes in
CR acceleration sources. Near the IC443 supernova remnant, a H+3 column
density of 3×1014 cm s−1 was found in two sight lines (Indriolo et al., 2010).
From these measurement, the ionization rate was found to exceed that of the
average ionization rate of molecular clouds. However, the other four sight
lines were consistent with typical Galactic values. A similar study on the
W51C supernova remnant was carried out by Ceccarelli et al. (2011). Also
for this remnant, the cloud ionization degree is highly enhanced, resulting
in a CR ionization rate of ∼10−15 s−1. This is about 100 times the average
value for molecular clouds.
Modeling of the ionization rate in interstellar material around a CR accel-
erating source shows that in infrared, the strongest lines of H+3 are between
3.0 and 4.6µm and H+2 lines of similar intensity are visible between 4.0 and
6.0 µm Becker et al. (2011).
The Herschel key project “Chemical HErschel Surveys of Star forming
region” (CHESS) (see e.g. Ceccarelli et al., 2010) collected high resolution
molecular line spectra of star-forming regions that can be used to constrain
the gas ionization rates in the molecular clouds. Also, Gerin et al. (2010)
reported the detection of the ground state doublet of the methylidyne radical
CH at 532 GHz and 536 GHz with the Herschel/HIFI instrument along the
sight-line to the massive star-forming regions G10.6-0.4 (W31C), W49N, and
W51 where some CR acceleration sources are residing.
6 Particle acceleration in the Galactic Central regions
The central 200 pc of the Galaxy are intense high energy emitters, from
X-rays to TeV γ-rays. The physical conditions in these regions are indeed
exceptional and make the Galactic Center (GC) a special place as regards
particle acceleration. Bright non-thermal radio filaments trace magnetic fields
of up to a mG (Ferrie`re, 2009) and large scale non-thermal emission suggest
the average field is at least 50 µG (Crocker et al., 2010). The Central Molecu-
lar Zone contains about 50 million solar masses of molecular gas (Morris and
Serabyn, 1996) in which physical conditions are quite unusual, with high tem-
peratures and a large velocity dispersion. The abundance and high density
of the gas are such that intense star formation is taking place in this re-
gion. Three of the most massive young star clusters of the Galaxy lie within
30 pc of the GC: the Arches, the Quintuplet and the central cluster. The
Quintuplet harbors what could be the most massive star in the Galaxy: the
Pistol star, a Luminous Blue Variable candidate with an estimated initial
mass of 200 M (Yungelson et al., 2008). The Arches cluster is one of the
most massive and dense star clusters in the Galaxy. Its age is just 1-2 Myr
and its central density reaches 105 M pc−3 (Portegies Zwart et al., 2010).
The inner 10 pc are dominated by a bright supernova remnant, called Sgr A
East. The radio shell is filled with unusually hot thermal X-ray emission and
is consistent with a single star explosion about 10000 years ago. Finally at
the very center, the faint source Sgr A?, is powered by a supermassive black
hole of 4 106 M (Genzel et al., 2010, and references therein). The black
hole is particularly quiet nowadays with a quiescent bolometric luminosity
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of about 1036 erg/s but there is good evidence that it has not always been
so dim.
This exceptional environment and these extreme conditions make the GC
region an interesting environment for testing particle acceleration models.
After this very brief description of the scenery in the central 200 pc, we review
some observational evidence for particle acceleration in the Galactic Central
regions and discuss their possible origins. We discuss the observation of non-
thermal emission from giant molecular clouds in the GC, first in non-thermal
hard X-rays, possibly produced by sub-relativistic particles, and second in
the TeV range, tracing an excess of very high energy CRs. Finally, we discuss
the recent discovery of large bubbles of GeV emission extending above and
below the GC.
6.1 X-ray emission from GC molecular clouds
One of the great legacies of the large modern X-ray observatories is the
detailed mapping of the GC region. Among the main results, is the discovery
that Sgr A? is both remarkably faint nowadays with a quiescent luminosity
of 1033 erg/s (Baganoff et al., 2003) and subject to frequent X-ray flares
(Porquet et al., 2008), whose peak luminosities reach only a few 1035 erg/s
or 10−9 LEdd for a 4 × 106M black hole. The surveys of the central 100
pc have also discovered that several massive molecular clouds in the GC
display intense Fe Kα 6.4 keV line emission (Koyama et al., 1996, 2007)
and non-thermal continuum (Sunyaev et al., 1993; Revnivtsev et al., 2004;
Be´langer et al., 2006). The origin of this emission has been strongly debated.
The propagation of energetic charged particles inside the molecular clouds
has been invoked as a possible explanation of the observed X-rays from the
region.
Two distinct processes can produce hard X-ray continuum in combination
with neutral iron line emission. First, low-energy CR electrons, with energies
up to a few hundred keV, diffusing into dense neutral matter will produce
nonthermal bremsstrahlung and collisional K-shell ionization (Valinia et al.,
2000). Second, subrelativistic ions propagating in the molecular cloud can
radiate through inverse bremsstrahlung in the hard X-ray domain and create
iron Kα vacancies (Dogiel et al., 2009). It is likely that the density of low
energy CRs is larger in the central regions than in the rest of the Galaxy.
The presence of strong non-thermal radio filaments in the vicinity of several
molecular clouds makes it reasonable to consider the presence of a large
density of CR electrons there. This is also supported, as noted by Yusef-Zadeh
et al. (2007), by the observation of diffuse low-frequency radio emission in the
central regions (LaRosa et al., 2005) and the high estimates of the ionization
rate compared to the values obtained in the Galactic disk (Oka et al., 2005).
A possible mechanism to explain the production of such subrelativistic
particles and the associated emission has been proposed by (Bykov, 2003,
see section 4.2) in terms of fast moving knots resulting from supernova ex-
plosions.
Bykov (2002) has modeled this phenomenon taking into account injection,
transport, first and second order Fermi acceleration as well as Coulomb losses
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which are dominant for low energy particles. The efficiency of bremsstrahlung
radiation compared to ionization losses is more favorable in such enriched
clumps which alleviates the energy requirement for such a process to take
place. In particular, an O-dominated clump with an X-ray luminosity of 1031
erg/s will lose ∼ 1035 erg/s through Coulomb losses (Bykov et al., 2008a).
Unfortunately, the recent observations of variability of the 6.4 keV line
emission in several distant clouds (Muno et al., 2007; Inui et al., 2009; Terrier
et al., 2010) is contradicting the idea that CRs are producing the 6.4 keV
line emission. Besides, the observation of an apparent superluminal propaga-
tion of the 6.4 keV emission in a molecular structure (Ponti et al., 2010) is
also a clear sign that the clouds are in fact X-Ray Reflection Nebulae. Their
emission is the result of Compton scattering and K-shell photo-ionization of
neutral or low-ionized iron atoms by an intense X-ray radiation field gener-
ated in the GC. The required luminosity of illuminating the source is about
1039 erg/s making the supermassive black hole, Sgr A?, the most likely can-
didate.
Not all Fe Kα emission is expected to be variable though, as is visible
for instance on most clouds surrounding the Arches cluster region whose
line flux have stayed constant over more than 8 years of XMM-Newton ob-
servations (Capelli et al., 2011). The best explanation for this (up-to-now)
stationary emission is that it is produced by subrelativistic CR accelerated
locally, possibly by collective effects in the cluster itself.
6.2 An excess of very high energy CRs in the central 100 pc
Besides the emission of the pulsar wind nebula G0.9+0.1 and the GC point
source, the Cerenkov telescope system HESS has observed diffuse emission
over 200 GeV extending over the central degree. The spatial distribution of
this emission is well correlated with that of interstellar matter which sug-
gests that the very high energy photons are produced by CR ions interacting
with dense clouds (Aharonian et al., 2006). The photon spectral index of
this emission is 2.3, somewhat harder than the CR spectrum measured at
Earth. This proves that the density of high energy CRs (E>1 TeV) in the
central 100 pc is significantly larger than in a solar neighborhood. One or
several CR accelerators must therefore be presently or very recently active
there. Aharonian et al. (2006) have proposed that the supernova remnant
Sgr A East is the source of these CRs. Taking into account the diffusion time
of particles in the central regions, they showed that about 10% of the ki-
netic energy of the supernova remnant could explain the observed emission.
Time dependent escape of energetic particles from supernova remnants has
been proposed and studied by Gabici et al. (2009) and probably observed in
systems such as W28 (Aharonian et al., 2008c).
The propagation of CRs in the complex environment of the GC is most
likely quite complex. For instance, the large poloidal fields traced by non-
thermal filaments might limit the diffusion of CRs in the Galactic plane.
The idea of a single accelerator injecting CRs in the GC has therefore been
questioned (Wommer et al., 2008, see for instance) and distributed turbu-
lent acceleration in the inter-cloud medium has been proposed by several
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authors (Melia and Fatuzzo, 2011; Amano et al., 2011). We note that the
massive young star clusters in the region can also provide significant particle
acceleration through the collective effects of stellar winds and shocks. The
interaction of the supersonic winds of the stars leads to the creation of a
large superbubble filled with a hot and tenuous plasma. The propagation of
supernova shocks inside the bubble create regions of enhanced turbulence
where effective particle acceleration can take place (Bykov, 2001; Parizot
et al., 2004; Higdon and Lingenfelter, 2005; Ferrand and Marcowith, 2010, ,
this aspect is further discussed in the next section).
High-energy and very high energy γ-rays have been detected in regions
spatially coincident with massive young clusters in the Galaxy: HESS has
observed TeV photons possibly coming from the Westerlund 2 (Aharonian
et al., 2007; HESS Collaboration et al., 2011b) and Westerlund 1 clusters
(HESS Collaboration et al., 2011a). Very recently, an intense GeV emission
pervading the Cygnus X region has also been found with Fermi (Ackermann
et al., 2011). Although the nature and origin of these emission regions are not
completely proven yet, they are arguing in favor of the collective effects inside
massive star associations as effective particle accelerators. It is therefore very
likely that the exceptional clusters at the GC are actively producing high
energy particles, although future TeV observatories will be necessary to prove
it. Thanks to their improved angular resolution compared to HESS they
should be able to resolve the contribution of clusters to the diffuse GC TeV
emission. We also note that the winds from the central cluster, containing two
dozens of supergiant luminous and Wolf-Rayet stars as well as numerous O
and B objects (Paumard et al., 2006), are most likely powering the accretion
onto Sgr A? and might also be at the origin of the strong point-like emission
observed by HESS at the position of the GC (Quataert and Loeb, 2005).
6.3 Large bubbles of γ-ray emission powered by the GC
Recently, thanks to specific procedure of foreground subtraction with the
Fermi data, Su et al. (2010) found a pair of large structures extending up
to 50 degrees above and below the Galactic plane in the direction of the
GC. These structures, called the “Fermi bubbles”, are detected above a few
GeV and have a hard spectrum extending up to 100 GeV. They seem to be
associated to large scale structures observed in X-rays with ROSAT (Bland-
Hawthorn and Cohen, 2003) and with an excess of radio emission found in
WMAP data. At the distance of the GC, they have a luminosity of 4× 1037
erg/s and extend up to 10 kpc outside of the Galactic disk. The estimated
energy content of the bubbles is of the order of 1055 erg (Bland-Hawthorn
and Cohen, 2003; Su et al., 2010).
The nature and the origin of the particles creating this γ-ray emission are
still unclear. Inverse Compton emission of electrons requires only a fraction
of the total energy in the form of energetic particles but requires in-situ
acceleration to have very high energy electrons up to 10 kpc above the disk.
Energetic protons or nuclei have much longer lifetimes and can be injected
from the Galactic central regions but require a much more substantial fraction
of the total energy in the bubbles.
57
The mechanism providing the large energy input is also quite uncertain.
Su et al. (2010) discussed a possible starburst phase in the GC a few million
years ago. Today, a more modest but constant injection of 1039 erg/s of CRs
from the GC to the halo is inferred from the γ-ray emission from the central
molecular zone and its infrared luminosity (Crocker et al., 2011). If this
injection is integrated over a billion years, it might provide the correct energy
budget (Crocker and Aharonian, 2011), although the particles have to be
confined on extremely long timescales. Other mechanisms outline the possible
role of the supermassive black hole. An intense AGN phase at Eddington
luminosity accompanied by jets or outflows a few millions years ago has been
invoked (Zubovas et al., 2011) as well as the recurrent (every 104-105 years)
accretion of stars captured by the black hole (Cheng et al., 2011).
A lot remains to be understood on the physics of these large γ-ray bub-
bles as well as on the processes producing the high energy emission in the
molecular clouds of the central 200 pc. Nevertheless, they remind us that the
GC plays a special role in the production of Galactic CRs.
7 Alternatives for SNRs being main sources for GCRs
7.1 Particle acceleration in superbubbles
Somewhere between 1017 eV and 1019 eV, the CR origin is expected to transi-
tion from Galactic to extragalactic origin (e.g. Hillas, 2005; Aharonian et al.,
2011). For this reason, Galactic cosmic-ray sources probably accelerate cos-
mic rays to above the knee. Important in models of CR acceleration is the en-
vironment in which the supernova evolves. Core collapse SNe usually reside in
associations of young massive stars and molecular clouds. These associations
usually create superbubbles i.e., large caverns filled mainly with a mixture
of hot and warm gas produced by multiple supernova explosions. These su-
perbubbles can have a significant effect on the structure of the disk and halo
of the Galaxy (e.g. Norman and Ikeuchi, 1989; Heiles, 1990). Norman and
Ikeuchi (1989) found that superbubbles during their outbursts create mass
and energy flows from the disk into the halo and vice versa. The ongoing
shocks marking the outer edges of a superbubbles are a plausible location of
CR acceleration. Additionally, the material in the superbubbles possibly has
an enriched composition with Wolf-Rayet winds and SN ejecta (e.g. Bykov
and Fleishman, 1992; Axford, 1994; Klepach et al., 2000; Bykov, 2001; Binns
et al., 2007; Ferrand and Marcowith, 2010).
Observational studies on OB-associations and young globular cluster have
been carried out both in the Galaxy and the Large Magellanic Cloud. A
detailed study on the Galactic OB-association Cygnus OB-2 by Kno¨dlseder
(2000) showed that it has 2600 ± 400 OB members, out of which 120 ±
20 are O stars. The corresponding high number of X-ray sources (Wright
and Drake, 2009) suggests that Cygnus OB2 is one of the most massive star
forming regions in the Galaxy. Given its relative small size, it is inevitable
that the region contains strong winds closely together, accumulating in strong
shocks. These are the regions that are particularly expected to be particle
accelerators (e.g. Eichler and Usov, 1993; Torres et al., 2004).
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Indeed, superbubble 30 Dor C in the Large Magellanic Cloud appears to
emit non-thermal X-rays (Bamba et al., 2004). The shape of this non-thermal
emission, coincides with radio emission from this region: nearly circular shell
with a radius of 40 pc. Actually, this picture resembles that of the outer
rims of young supernova remnants. One should realize that the life time of
superbubbles exceeds that of supernova remnants by a large factor, result-
ing in a particle acceleration time that is substantially longer than that of
supernova remnants.
Also the OB association LH9 located in the HII complex N11 in the Large
Magellanic Could shows evidence for non-thermal X-ray emission Maddox
et al. (2009). Interestingly, the kinetic and thermal energy of LH9 is only
half of the energy mechanical energy transferred into the OB association
by its stars. This is consistent with current models of CR acceleration by
superbubbles (e.g. Bykov, 2001). Overall, we would expect a galaxy with a
high star formation rate to have a higher cosmic-ray energy density than
a galaxy with an average star formation rate. Indeed, the starburst galaxy
NGC 253 has been detected by the HESS telescope (Acero et al., 2009a).
Also, Ackermann et al. (2011) detected the star-forming region Cygnus X in
GeV γ-rays.
The CR Isotope Spectrometer aboard the Advanced Composition Ex-
plorer spacecraft found that the isotopic abundances of the CR spectrum is
consistent with solar, with a 20% contribution of Wolf-Rayet material. Since
Wolf-Rayet stars are stages in the evolution of OB stars, that largely reside
in B associations and superbubbles, this supports the idea that a substantial
fraction of the Galactic CRs are accelerated in superbubbles.
The efficiency with which kinetic energy in superbubbles can be trans-
ferred into CR energy are estimated to be around 20% (Bykov, 2001). Super-
bubbles are surrounded by massive shells and therefore expand much slower
than supernova remnants reducing the adiabatic deceleration and alleviating
the CR escape from superbubbles. Magnetic fields inside the superbubble
should be amplified up to about 30 µG to provide the maximal energies
of CR protons to be about 108 GeV and higher for heavy CR nuclei that
will dominate the accelerated CR composition at the highest energies in the
model. We illustrate in Figure 16 the CR composition simulated in a model
where CRs of energies above the knee are accelerated in a superbubble (see
Bykov and Toptygin, 2001).
7.2 Reaching and passing the knee
A decade ago, the magnetic field strength in supernova remnants was be-
lieved to be not more than four times Galactic magnetic field as this is the
compression factor of a non-accelerating shock. This implies a rather large
diffusion coefficient for particles that are being accelerated and therewith a
relative large time before the particles return over the shock front. Lagage
and Cesarsky (1983) were the first to calculate that with these high diffusion
coefficients, supernova remnants are not capable of accelerating particles up
to the knee in the CR spectrum (see also section 2.3).
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Fig. 16 CR composition above the knee simulated in a model of CR acceleration in
a superbubble (adapted from Bykov and Toptygin, 2001). The energy dependence
of the mean logarithm of atomic mass lnA of accelerated particles is shown.
Bell and Lucek (2001) calculated that CRs, as they stream up and down
the shock front, can amplify the magnetic fields themselves by even an order
of magnitude. This has observationally been confirmed (Vink and Laming,
2003) and has now been found for a substantial amount of supernova rem-
nants (Vo¨lk et al., 2005, and Table 3). This shows that from a theoretical
perspective, supernova remnants should be able to accelerate particles up to
the knee.
Spectra of X-ray synchrotron emitting remnants have shown that the cut-
off of the electron spectrum is at TeV energies (Parizot et al., 2006). This
is still a few orders of magnitude short of the knee, but we know that the
maximum energies of electrons are limited by the energy they lose as they
emit synchrotron emission. Protons do not suffer from these losses and might
well reach higher energies.
Pion decay γ-rays are produced by protons in a more or less direct fashion.
Therefore, observing supernova remnants with current GeV and TeV γ-ray
telescopes would yield a wealth of information on their CR proton content.
However, for some remnants, it is debated whether to interpret the TeV γ-
ray data in terms of Inverse Compton scattering (which would be electrons
again) or pion decay. In any case, even if pion decay would be the correct
model, none of the remnants observed thus far show evidence for protons
with energies up to 3× 1015 eV.
There is, however indirect evidence for protons with these high energies in
supernova remnants, as shown by the stripes of non-thermal X-ray emission
on the surface of Tycho Eriksen et al. (2011); Bykov et al. (2011a). Moreover,
(Ptuskin et al., 2010) found that remnants of type IIb supernovae should be
able to accelerate Fe ions up to 5× 1018 eV and Morlino and Caprioli (2011)
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modeled the broadband emission of Tycho’s supernova remnant and found
that protons were at least accelerated up to 5× 1014 eV.
8 Summary
We reviewed the current observational research on the sources of Galactic
cosmic rays. We described current shock acceleration theory, and how non-
linear shock acceleration modifies the shock structure as well as the emission
mechanisms that reveal the presence of cosmic rays. We use this knowledge
to review the current observational status of cosmic-ray acceleration in su-
pernova remnants, the Galactic center region and superbubbles.
In these concluding remarks, we briefly point out some of the remaining
open issues related to high Mach number shocks of supernova remnants being
the main sources for Galactic cosmic rays. One of the big uncertainties in
present-day cosmic-ray acceleration theory is the physics that determines
the amount of particles getting injected into the acceleration process. This
is particularly important, as it is one of the key ingredients for determining
the efficiency of shocks accelerating cosmic rays.
Also, the maximal energy to which cosmic-rays can be accelerated by
supernova remnants is unclear. The discovery of magnetic field amplification
makes acceleration up to, or beyond the knee, now much more plausible than
was thought three decades ago Lagage and Cesarsky (1983), but observation
proof for the presence of particles with energies in excess of 1015 eV in SNRs is
still lacking. Third, we would like to point out that the moment at which the
bulk of the cosmic rays escape the remnant still unclear is. In this context,
it is useful to point out that most of the remnants detected in γ-rays are
mature remnants, interacting with a molecular cloud, suggesting that these
remnants still have a substantial cosmic-ray content at older ages. However,
the maximum energies of the primary cosmic-ray particles seem in these
mature SNRs limited to at best 1-10 GeV.
In the near future more results are expected from the current generation
of X-ray, and γ-ray telescopes. But future telescopes such as the Cherenkov
Telescope Array, will greatly improve the sensitivity which gamma-rays can
be detected. In addition, our knowledge of high Mach number shocks in
general, and the role of cosmic rays for their thermodynamics, will improve
with future X-ray and optical spectroscopic observations, such as with the
Japanese X-ray telescope Astro-H and 30m class optical telescopes such as
ELT.
These open issues will most efficiently be solved if theory and observa-
tions work hand-in-hand. Workshops as this in Bern, provide indispensable
opportunities for close interaction between theorist and observers.
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